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Background 
The ultimate objective of the production, handling and distribution of fresh fruits and 
vegetables is to satisfy consumers requirements. It is generally agreed that consumer 
satisfaction is related to product quality. The term quality can be viewed as an absence of 
defects or a degree of excellence but it may mean different things to different handlers within 
the distribution chain (Shewfelt, 1999). In general the attractiveness of fruits and vegetables 
to consumers is determined both by visible and invisible quality attributes. The visible quality 
attributes include appearance, size, uniformity, colour and freshness, whereas the invisible 
quality attributes include flavour, firmness (texture), nutritional value, healthiness and 
toxicity. The extrinsic quality parameters, which describe how fruits or vegetables are 
cultivated e.g. production conditions, application of chemical sprays and fertilizers are also 
important aspects. 
Fresh fruits and vegetables contain high levels of nutritional and healthy constituents 
such as minerals, vitamins, phytochemicals like folates, glucosinolates, carotenoids and 
phenolic compounds (e.g. flavonoids and phenolic acids) and dietary fibres. Nowadays, 
nutritionists, food scientists, the food industry, horticulturists and consumers are becoming 
more interested in the contents of these health promoting compounds in fresh or processed 
fruits and vegetables (Block et al., 1992; Steinmetz and Potter, 1996; Dekker et al., 2000). 
Flavonoids and phenolic acids are widespread in the plant kingdom, comprise a large group of 
naturally occurring compounds and form part of the human diet. Recent interest in these 
bioactive compounds has been stimulated by the potential health benefits arising from their 
role as antioxidants, which are scavengers of so-called reactive oxygen species (ROS) or free 
radicals (Bors et al., 1990; Block et al., 1992; Formica and Regelson, 1995; Steinmetz and 
Potter, 1996; Cook and Samman, 1996; Hollman, 1997). ROS are by-products of many of the 
body's normal chemical processes that can damage cell membranes and interact with genetic 
materials. ROS are possibly involved in the development of cancer, heart diseases and aging 
processes. Recent studies have shown that the majority of the antioxidant activity of a fruit or 
vegetable may originate from the flavonoids and other phenolic compounds (Gao et al., 1996; 
Wangetal., 1996). 
Possible functions 
It has been suggested that flavonoids act as antioxidants, primarily based on the fact that 
they extend the shelf life of fat-containing foodstuffs (Kuhnau, 1976; Bors et al., 1990). 
Flavonoids include a variety of compounds that display various functions. Koes et al. (1994) 
and Shirley (1996) have reviewed the possible functions of flavonoids in plants. Possible 
functions are protection of the photosynthetic machinery, preservation of membrane integrity, 
protection of DNA and proteins against the harmful effects of radiation especially UV, a 
crucial role in the plant sexual reproduction process especially male fertility, a visual signal in 
the attraction of pollinators especially for the coloured classes anthocyanins and flavonols, a 
signal in the symbiotic plant-microbe interaction and involvement in plant-pathogenic 
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microbe interactions (phytoalexins). Takahama and Oniki (1997) and Yamasaki et al. (1997) 
have shown evidence that the peroxidase-flavonoids/ascorbate reaction can function as a 
hydrogen peroxide scavenging system in plants. The flavonoid pigment anthocyanin has also 
been observed to function as endogenous antioxidant to reduce oxygen toxicity (Yamasaki et 
al., 1996) in addition to its well known role as a colouring agent for plant tissues and food 
additives. Like flavonoids, phenolic acids as chlorogenic acid also have antioxidant properties 
and act as electron donors (Takahama and Oniki, 1997). The pharmacological properties of 
flavonoids are well characterised and suggested to have potential as starting material in drug 
development programmes (Formica and Regelson, 1995). Although there is considerable 
evidence establishing antioxidant activity in vitro for flavonoids and phenolic acids found in 
the diet, there are only few studies in humans on the absorption and bioavailability of these 
compounds and their role in protection against cancer and heart diseases (Block et al., 1992; 
Hertog, 1992; Hollman, 1997; Croft, 1998). 
Biosynthesis 
The biosynthetic pathway of flavonoids represents one of the most intensively studied 
secondary metabolic pathways of higher plants (Mol et al., 1996, Holton Cornish, 1995). 
Genes required for flavonoids biosynthesis are regulated in a developmental and a tissue 
specific manner (Kubaske et al., 1992; Koes, et al., 1994). Flavonoids and phenolic acids 
production in plants can be induced by a variety of environmental stimuli such as high light, 
ozone, temperature stress, water stress, nutritional stress, pathogen attack, mechanical damage 
and atmospheric pollution (Kangasjarvi et al., 1994; Marten and Grimmig, 1994; Estiarte et 
al., 1994; Dixon and Paiva, 1995). The basic skeleton of flavonoids is a combination of 
products of two independent pathways, the shikimate pathway (yielding phenylalanine) and 
the acetate-malonate pathway (yielding malonyl-CoA) (Stafford, 1990). The Flavonoid 
skeleton consists of two distinct units: the C6-C3 moiety which contains the B-ring and the C$ 
fragment (A-ring, Fig. 1) (Smith, 1972). Shikimic acid is considered the source of ring B, and 
a condensation of 3-acetate units form ring A. As presented in figure 1 (Chapter 6), the 
deamination of L-phenylalanine to trans-cinnamic acid by the enzyme phenylalanine 
ammonia-lyase (PAL) is the initial step in the biosynthesis of hydroxycinnamic acids, 
flavonoids and other phenylpropanoid polyphenols (Camm and Towers, 1973; Margna, 
1977). In two subsequent reactions coumaroyl-CoA is produced. The first specific flavonoid 
structure naringenin chalcone arises by the condensation of 1 molecule of 4-coumaroyl-CoA 
and three molecules of malonyl-CoA. This reaction is carried out by the enzyme chalcone 
synthase (CHS). The naringenin chalcone is subsequently converted into naringenin 
flavanone by the enzyme chalcone isomerase (CHI). From this central step the pathway goes 
into several side branches producing different classes of flavonoids such as anthocyanins, 
flavonols, and flavanols. These compounds are present in plant tissues mostly as glycosides or 
methoxylated derivatives, but also as aglycones. The glycosylation reaction is carried out by 
the enzyme UDPG: flavonoid-3-O-glycosyltransferase, followed by transport to the vacuole 
and subsequent storage. 
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Fig. 1. Structure of the general phenylpropanoid ring and subclasses of flavonoids and 
chlorogenic acid. 
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Based on the degree of oxidation of the C3 unit, flavonoids are divided into subclasses 
such as flavonols, flavanols, isoflavonoids and anthocyanins. Subsequent enzymatic 
modification of each type of flavonoids can involve hydroxylation, methylation, acylation, 
glycosylation, and reduction. Over 4000 different flavonoid derivatives are known in plants 
(Bors et al., 1990; Lancaster, 1992). 
Flavonoids in apple 
The main flavonoids present in apples and their products are flavonols (quercetin 3-
glycosides), flavanols (catechin, epicatechin, gallocatechin, procyanidins and its polymers), 
dihydrochalcone glycosides (phloritin glucoside (phloridzin) and phloritin xyloglucoside), 
and cyanidin 3-glycoside (anthocyanins, Fig. 1). Seven quercetin glycosides have been 
identified so far (quercetin 3-galactoside, 3-glucoside, 3-xyloside, 3-rhamnoside, 3-
rhamnoglucoside, 3-arabinoside and 3-arabinofuranoside), all glycosylated in the 3-position. 
Quercetin 3-galactoside is the main quercetin glycoside type (Lister et al., 1994; Nicolas et 
al., 1994). The main phenolic acid present in apples is chlorogenic acid (Fig. 1, Nicolas et 
al., 1994). 
The background colour yellow/green is due to chlorophylls and carotenoids which are 
located in the plastids, while the red colour is primarily a consequence of the flavonoid 
pigments anthocyanins which are located in the vacuole. Anthocyanins are coloured 
glycosylated flavonoids, which are prominent in a number of plant tissues such as flower 
petals, leaves, and fruit peel. The chemical structure is based on an aromatic flavylium 
cation, and the aglycone forms are called anthocyanidins. In plants there are six groups of 
anthocyanidins that produce different colour shades depending on the 
hydroxylation/methylation status of the anthocyanidin B-ring (Stafford, 1990). These are 
cyanidins, pelargonidins, delphinidins, peonidins, petunidins, and malvidins. For example 
the cyanidins have 2 hydroxyl groups at the 3', 4' position on the B-ring and give rise to 
scarlet red colours, compared to pelargonidins which have 1 hydroxyl at the 4' position and 
give orange-red, and delphinidins, which have 3 hydroxyl groups at the 3', 4' ,5' position on 
the B-ring and produce blue colours. The family Rosaceae to which apple (Malus) belongs 
contains mainly cyanidin glycosides, while some peonidin and pelargonidin glycosides have 
been found. Delphinidin, however, and its derivatives are not found (Lancaster, 1992). 
The main cyanidin glycoside in apple skin is cyanidin 3-galactoside, while cyanidin 3-
arabinoside, 3-glucoside, 3-xyloside and 7-arabinoside are present in minor amounts in some 
red cultivars (Lancaster, 1992). The different colour shades pink, red, mauve and blue found 
in plants have been attributed to pigment concentration and to the phenomenon of co-
pigmentation. This phenomenon has been investigated in flowers. In this process the 
flavonols aggregate around the anthocyanin and shield it from hydration thus stabilizing the 
anthocyanin as a coloured flavyllium cation. The extent of co-pigmentation depends on the 
concentration and the type of the anthocyanins, the molar ratio of flavonols to anthocyanins, 
and the chemical nature of the flavonols. In apples there are many different cultivars 
exhibiting a wide range of red colours. However, Lancaster et al. (1994) showed that the 
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process of co-pigmentation is not involved in the differences in colour intensity and that the 
increase in colour intensity could be attributed (1) to the increase in anthocyanin 
concentration, (2) to a greater proportion of darker red vacuoles, (3) to larger vacuoles and 
(4) to more layers of red cells. The blending of chlorophylls, carotenoids, and anthocyanins 
could account for the visible change in hue of the red coloration of apple skin from orange-
red to bronze or to purple red. 
Despite the importance of flavonoids for the intrinsic quality of apples, as it 
contributes to both colour and healthiness, very little is known of their biosynthetic pathways 
in fruit. Most published information on the biosynthesis of anthocyanin and flavonoids 
comes from work on flowers. Some steps in the biosynthesis pathway are assumed to be 
similar to those in flowers. There is some literature information on the regulation of 
anthocyanin biosynthesis in apples but quantitative information on the amplitude of variation 
and on the relationship with external factors is almost lacking. For other flavonoid 
substances even the variation in content due to environmental factors is poorly studied. 
Studies of the relationships between external factors and the formation of individual 
flavonoids can lead to a better understanding of the mechanisms by which flavonoid 
biosynthesis is regulated and thus improve the possibilities to enhance both colour and 
healthiness of apples for fresh consumption or for processing. 
Factors influencing flavonoid formation in apples 
1. Developmental factors 
Apple fruit may remain growing on the tree for up to 6 months after pollination. During 
that time, there are changes in concentration and amount of anthocyanin and flavonoids in the 
apple skin related to the development and growth of the fruit (Lancaster, 1992). Apple skin 
accumulates anthocyanin during two phases of fruit growth. The first occurs early in the 
season in young fruitlets during cell division. At this time even anthocyanin accumulates in 
the skin of some non-red cultivars such as 'Golden Delicious' and 'Granny Smith'. Little is 
known about the biological significance of this early colouring. However, the nature of this 
anthocyanin is identical to that in ripe fruit (cyanidin 3-galactoside; Lister et al., 1994). Its 
biosynthesis depends on light conditions and is promoted by lower air temperature (Jaetak et 
al., 1998). This first phase is followed by a stage in which the anthocyanin decreases or may 
completely disappear. Depending on the cultivar, anthocyanin formation in the skin resumes 
when fruits are approaching maturation at the end of the growing season. Anthocyanin 
concentration at this stage is frequently used as a maturity index (Lancaster, 1992; Curry, 
1997). Anthocyanin accumulation during ripening has been studied in Cox's Orange Pippin 
apples (Knee, 1972). The concentration of anthocyanin increased three-fold during the month 
of ripening. During this time, chlorophyll concentration fell fourfold and carotenoids 
increased fourfold. 
Compared to anthocyanin, other flavonoid compounds may show different 
developmental patterns of accumulation. Relatively little is known about accumulation of 
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flavonoids and hydroxycinnamic acid derivatives in apple skin during development. Lister et 
al. (1994) reported that the concentration on a fresh weight basis of quercetin glycosides 
(seven types) and proanthocyanidins (catechin, epicatechin, gallocatechin and procyanidins 
B2 and B5) in the skin of a red 'Splendour' and a green 'Granny Smith' apple cultivar sharply 
decreased from early to mid season followed by an increase during ripening only 
in'Splendour'. Mayr et al. (1995) observed that, on a dry weight basis, phenolic compounds 
(including chlorogenic acid) in the skin and the leaves of 'Golden Delicious' apples decreased 
during growth without a further increase during maturation and ripening, but the individual 
compounds did not behave uniformly. Sannomaru et al. (1998) reported that the 
concentrations of total polyphenols, epicatechin and chlorogenic acid in the skin, flesh and 
core of 'Fuji' and 'Starking' apples decreased during the ripening process, and fell rapidly 
during the early stage of development. Hamauzu et al. (1999) found in the flesh of 'Tsugaru' 
and 'Fuji' apples that, on a fresh weight basis, the total concentration of catechins and 
procyanidins (total catechins units) decreased, whereas it increased on a fruit basis during 
fruit development in both cultivars. Oligomeric procyanidins and epicatechin content 
increased, on a fruit basis, during the middle stage of development and decreased thereafter, 
whereas polymeric procyanidin increased as fruit matured. They also found a rather stable 
amount of phloridzin in both cultivars during development; however, the amount of 
chlorogenic acid increased only in 'Fuji' apples. 
Although there are some reports on the developmental changes in the concentration of 
flavonoids and phenolic acids in apples, a mass balance would provide more information 
about periods of net synthesis and/or breakdown, and also give information on the relation 
between the different flavonoids in the same biosynthetic route. 
2. Climatic factors 
2.1. Light 
The biosynthesis of anthocyanin and other flavonoids in apples, as in other plant 
tissues, either requires or is enhanced by light (Ju, 1998). Light-induced production of 
anthocyanin and other flavonoids in the epidermis and other outer tissues is considered to be 
a ubiquitous protection mechanism against solar radiation in higher plants (Hahlbrock and 
Scheel, 1989; Merzlyak and Chivkunova, 2000). Bagging the fruits about one month after 
full bloom until harvest resulted in an absence of anthocyanin formation and trace amounts if 
any of flavonoids but considerable levels of the simple phenols (chlorogenic acid). Fruit 
bagging also prevented the enzymes PAL, CHS, DFR and UFGalt from being induced (Ju et 
al., 1995a and b; Ju et al, 1997). It is observed that apples from the interior part of the tree 
canopy develop no or very small amounts of anthocyanin whereas exterior fruits, well 
exposed to light, develop much more anthocyanin and better colour (Saure, 1990; Lancaster, 
1992). Anthocyanin concentration in apple skin increased with light level, up to about 50% 
of full sunlight (Jackson, 1980, Barritt et al., 1997). Heinicke (1966) reported that red colour 
development in 'Red Delicious' and 'Mcintosh' apples was directly related to the amount of 
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light exposure, with best colour in fruit exposed to more than 70% of possible full sunlight, 
whereas fruit exposed to less than 40% of possible full sunlight developed inadequate colour 
and size. Quercetin glycosides were twice as high in peels of 'Golden Delicious' on the 
sunny side of fruit as compared to the shaded side. Fruits from the canopy exterior contained 
twice as much quercetin glycosides as the green fruit harvested from the interior part 
(Workman, 1963). 
Thus light is generally considered a key regulatory factor in the biosynthesis of 
flavonoids in apple skin. However, the biosynthesis of the different flavonoid classes might 
have different spectral sensitivity characteristics. The biosynthesis of anthocyanin requires 
light of certain energy and quality. Siegelman and Hendricks (1958) reported that the 
formation of anthocyanin in apple skin disks is controlled by a high-energy photoreaction, 
with an action maximum between 650 and 670 nm. A subsidiary maximum between 430 and 
480 nm has been reported by Downs et al. (1965). In this region, the energy required for 
appreciable anthocyanin synthesis was about three times as much as at the action maximum 
near 650 nm. Bishop and Klein (1975) showed that in harvested apples light of wavelength 
440 nm (a blue wavelength band) was the optimum for the synthesis of anthocyanin, with an 
additive effect of red light. Anthocyanin synthesis in apple fruit is also stimulated by light in 
the UV region. Arakawa et al. (1985) observed that UV-B light (emission peak at 312 nm) is 
highly effective in stimulating anthocyanin synthesis and exerts a synergistic effect when 
applied simultaneously with white or red light. The effects of UV-B together with blue light 
were only additive, and UV-A (emission peak at 353 nm) was less effective than UV-B. In 
attached apples, UV cut-off filters prevented rapid anthocyanin formation after bag removal 
(Kubo et al., 1988). White plus UV-B light can also promote synthesis of different flavonoid 
classes in green-mature detached apples (Dong et al., 1995; Lancaster et al., 2000). Thus, as 
in other plant tissues, the effect of light on the biosynthesis of flavonoids in apples especially 
that of anthocyanin is very complex because more than one photoreceptor such as 
chlorophyll, phytochrome, the blue and UV-B light photoreceptor might be involved 
(Siegelman and Hendricks, 1958; Downs et al., 1965; Arakawa, 1988a and b; Hahlbrock and 
Scheel; 1989). The participation of photosynthesis is found to be necessary for full 
expression of the response (Downs et al., 1965; Arakawa, 1988a). 
Generally, in most apple cultivars the increase in anthocyanin occurs after an initial lag 
phase of about 20 to 24 hours of light exposure in both attached and detached matures apples 
(Faragher and Chalmers, 1977; Arakawa, 1988b; Dong et al., 1995). The effectiveness of 
light depends on cultivar, degree of fruit maturity, and temperature. Arakawa (1988b) 
concluded that the responsiveness of the fruit to light, especially to white light, differed 
considerably between the cultivars. Under white light alone or in combination with UV-B 
light, 'Starking Delicious' and 'Jonathan' apples produce a maximum concentration of 
anthocyanin, while 'Fuji' and 'Tsugaru' apples required a higher light intensity and were 
more dependent on UV-B irradiation. 'Mutsu' and 'Golden Delicious' produce no 
anthocyanin at even a high intensity of white light but a small amount of anthocyanin is 
formed with the addition of UV-B light. Chalmers et al. (1973) observed that in immature 
fruit a reduction of light intensity resulted in a decrease in anthocyanin production, while its 
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accumulation continued in mature fruit. Chalmers and Faragher (1977) found that in 
detached immature fruit after exposure to sunlight, anthocyanin formation stopped earlier 
than in detached mature fruit. 
In 'Reliance' grapes, the biosynthesis of peonidin 3-glucoside and malvidin 3-
glucoside was much less light dependent than that of cyanidin 3-glucoside (Gao and Cahoon, 
1993). Thus light might not be a regulatory factor for the biosynthesis of all different 
anthocyanin types. Moreover in 'Norland' red potato tuber, the red colour is due to the 
accumulation of anthocyanins, mainly pelargonidin and peonidin, in the periderm and 
peripheral cortex while potato tubers grow underground (Hung et al., 1997). This suggests 
the existence of a light independent mechanism for anthocyanin biosynthesis. 
In conclusion, light through its energy and quality is essential for the biosynthesis of 
the different flavonoid classes in apples; however, its effectiveness may vary upon cultivar, 
stage of development, temperature and type of flavonoid. 
2.2. Temperature 
There is considerable literature information on the relationship between temperature 
and anthocyanin formation in apples (Saure, 1990); however, very little information is 
available on other phenolic compounds. Generally low temperatures, especially at night, 
during the last period of fruit development and maturation promote anthocyanin synthesis 
contrary to high temperatures. Uota (1952) reported that in Macintosh apples the red colour 
development was significantly correlated with the low average night temperature during the 
last month of fruit development. He observed that at high temperature, 24.5°C or above, the 
formation of anthocyanin was completely inhibited and suggested that a greater amount of 
light energy might be required to synthesise the pigment at a higher temperature. Creasy 
(1968) found an inverse relationship between average temperature and anthocyanin 
formation both under natural conditions and in artificially illuminated controlled temperature 
chambers. Low temperature promoted anthocyanin production whether given during the 
light or the dark period (Diener and Naumann, 1981). Tan (1980) showed in a post harvest 
experiment that, at constant light conditions, 'Red Spy' apples exposed to an alternating 
6/25°C (night/day) treatment had more anthocyanin than those kept constantly at 25°C 
during the course of the experiment. Blankenship (1987) reported that in potted 'Red Chief 
apple trees exposed to 26°C day temperature during the period of fruit development and 
maturation, fruit showed more red colour development when held at 11°C than at 22°C night 
temperature. Noro et al. (1991) imposed four temperature regimes in 'Starking Delicious' 
apples during the last months of fruit development. He found a higher level of anthocyanin 
in the fruit under the low temperature regimes (constant 15°C, or alternating 10/20°C) than 
in those under high temperature regimes (constant 25°C, or alternating 20/30°C). There were 
no differences in the level of anthocyanin between constant and alternating temperature. In 
detached green mature 'Royal Gala' apples red colour development of skin increased to a 
maximum after UV-B plus white light irradiation for 2 days followed by 15 days of cold 
storage at 4°C in dark conditions (Dong et al., 1995). They observed no further increase in 
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red coloration in fruit stored at 14°C or 25°C following the irradiation treatment. Low air 
temperature has also been found to promote red coloration of young 'Fuji' apple fruitlets 
(Jaetak et al., 1998). 
However, applying different day/night temperatures at mid-season or late-season did 
not influence red colour formation and has no or very little influence on the course of the 
various ripening characteristics of both 'Elstar' and 'Cox's Orange Pippin' apples (Tromp, 
1999). Faragher and Brohier (1984) concluded that the rise in anthocyanin with ripening 
appears to be more closely related to the rise in ethylene than to the fall in temperature, 
despite the well-known effects of low temperature in stimulating colour formation. Creasy 
(1968) observed that low temperature improved the efficiency of anthocyanin formation in 
poorly exposed skin at a low light level, but it did not reduce the obligate light requirement. 
During the course of fruit maturation a shift in optimum temperature for anthocyanin 
formation to higher degrees has been observed in detached fruit during illumination (Diener 
and Naumann, 1981; Faragher, 1983; Arakawa, 1991). This suggests that each stage of 
development possibly has its optimal temperature regime for maximal red colour formation. 
Furthermore the different cultivars showed differences in temperature optimum during 
postharvest irradiation (Arakawa, 1991). Curry (1997) found that skin tissue disks prepared 
from preclimacteric fruit developed more anthocyanin than did tissues from climacteric fruit 
during irradiation with white light. Pre-cooling the tissue for 48 h at 2°C before incubation at 
25°C increased the amount of pigment that accumulated. He also observed a different 
temperature optimum for each cultivar but a similar temperature optimum for a highly 
colouring mutant as compared to its related cultivar. 
Since both flavonoids and anthocyanin are synthesised from the same biosynthetic 
pathway, it would be reasonable to assume that temperature affects the synthesis of both 
groups in the same way. However, Reay (1999) found that exposing detached 'Granny 
Smith' apples to a low temperature treatment followed by a warm temperature greatly 
enhanced the formation of anthocyanin but not that of quercetin in the skin during irradiation 
with UV-B plus visible light. Lancaster et al. (2000) investigated the effect of UV-B 
irradiation at 10°C and 20°C on the concentrations of quercetin glycosides (6 glycoside 
types), procyanidins (procyanidins Bl and B5, epicatechin and catechin), anthocyanin and 
chlorogenic acid in the skin of detached fruit of five apple cultivars. UV-B irradiation 
increased the quercetin glycosides concentration in the shaded side of 'Gala', 'Royal Gala' 
and 'Braeburn' fruit only at 20°C. Chlorogenic acid concentration increased by UV-B 
irradiation on both fruit sides, at both 10°C and 20°C, with greatest increases generally being 
found on the shaded side at 20°C in most cultivars. There was no effect of UV-B irradiation 
on procyanidins concentration at either temperature. UV-B irradiation increased anthocyanin 
concentration in both fruit sides of all studied cultivars at 20°C, and on 'Braeburn' and 
'Aurora' at both 20°C and 10°C. 
In conclusion, low temperature is generally considered to promote anthocyanin and red 
colour formation in attached apples during development whereas, in detached apples at 
constant illumination there is a shift in the temperature effects toward a higher optimal range 
depending on cultivar and degree of ripening. 
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3. Cultural practices 
3.1. Nutrition 
Fruit nutrient composition has a strong association with general external and internal 
quality attributes of fruits such as colour, firmness, storability and disorders resistance 
(Bramlage, 1993; Johnson and Ridout, 1998). Fruits high in N level tend to be larger, softer, 
are more likely to develop a number of physiological disorders, and develop poor red colour 
(Bramlage 1993). Nitrogen is considered the most important nutrient affecting red colour 
formation negatively (Walter, 1967; Saure, 1990). According to Johnson and Samuelson 
(1990) and Raese and Drake (1997) additional supply of N to fruiting trees may decrease the 
extent of red coloration and increase the intensity of fruit greenness. Apart from such a direct 
effect nitrogen may indirectly affect red colour formation by more shade caused by denser 
foliage (Magness et al., 1940; Saure, 1990). Faust (1965a) found that feeding skin disks with 
urea significantly decreased the formation of anthocyanin after illumination. Accordingly, N-
containing compounds like urea and calcium nitrate have been applied to increase fruit skin 
greenness and to suppress the formation of anthocyanin in green cultivars where red or 
yellow blush is undesirable (Williams and Billingsley, 1974; Meheriuk, 1990). Boynton and 
Cain (1943) observed that an increase in leaf N of 1% was associated with a decrease of 30% 
in red fruit colour. Weeks et al. (1958) found that high N levels significantly reduced red 
colour formation but K appeared to offset the adverse effects of N. Awasthi et al. (1995) 
reported that K applied to 'Starking Delecious' apple trees either broadcast or in bands with 
or without 1 or 2 foliar sprays greatly increased anthocyanin concentration in fruit. Tan 
(1980) reported that both N and K deficiencies in the leaf clearly increased the level of 
anthocyanin production in 'Red Spy' apples. Larrigaudiere et al. (1996) found that pre-
harvest spray with seniphos (a phosphorus-calcium mixture) significantly improved the 
development of anthocyanin and red colour of 'Starking Delicious' apples. Raese and Staiff 
(1990) reported that soil-applied calcium nitrate was associated with higher concentration of 
fruit Ca, lower N/Ca ratio, more red colour and lower incidence of disorders in 'Delicious' 
apples. In another study Raese and Drake (2000) showed that calcium spray improved fruit 
quality and increased red coloration of 'Red Delicious' apples. Smock (1966) showed that 
post harvest dipping of 'Mcintosh' apples in a solution of CaC03 increased the synthesis of 
anthocyanin after illumination. Reay et al. (1998) reported that foliar applications (total 8 
sprays at weekly intervals) of urea and magnesium sulphate increased chlorophylls and 
carotenoids concentrations in 'Gala' apples during maturation. But anthocyanin 
concentration was decreased only in urea treated fruits. 
However, information on the effect of other nutrients is not consistent and therefore 
clear correlations with anthocyanin formation have not yet been established (Walter, 1967; 
Saure, 1990). Moreover the influences of nutrients on the formation of other flavonoid 
compounds and chlorogenic acid in apples is not yet investigated. Ciders obtained from 
'Dabinett' apple trees that received NPK fertilizer were less bitter and astringent than those 
from control trees, which was related to an overall decrease of 17% in fruit phenolic 
20 Chapter 1 
concentration (Lea and Beech, 1978). In tomato plants (Lycopersicon esculentum L) nitrogen 
deficiency increased the level of anthocyanin of leaves to 2-3-fold and total flavonoids by 
14% (Bongue-Bartelsman and Phillips, 1995). Several authors observed that nutritional 
stresses e.g. N, P, Mn and B deficiency increased flavonoid content in different plant species 
(Zornoza and Esteban, 1984; Estiarte et al. 1994). A positive effect of calcium spray on apple 
phenolics has been also observed by Sannomaru et al. (1998). They reported in 'Starking' 
apples grown under conventional soil culture with or without Ca spray that epicatechin, 
chlorogenic acid and total polyphenols contents were significantly higher in Ca treated than in 
untreated fruit. Patil and Alva (1999) reported that in grapefruit, the levels of the flavonoids 
naringin and rutinoside and the levels of total vitamin C (ascorbic acid plus dehydroascorbic 
acid) decreased in the fruit with increased nitrogen application rates in the orchard. Similarly, 
reduced levels of vitamin C in juices of oranges, lemons, grapefruits and mandarins resulted 
from the application of high levels of nitrogen fertilizer to those crops, while increased 
potassium fertilization increased vitamin C content (Nagy, 1980). In apple shoot cultures Lux-
Endrich et al. (2000) found that reducing the macronutrient content of the culture media 
resulted in more accumulation of phenolic acids, quercetin glycosides, catechins and 
procyanidins of the tissues. However, Krause and Reznik (1976) found that various P and N 
concentrations in buckwheat seedlings did not influence chlorogenic acid concentration, in 
contrast to flavonoids. 
In conclusion, it is generally agreed that N is negatively affecting anthocyanin and red 
colour formation in apples as well as flavonoids including anthocyanin in other plants. 
Potassium appeared to antagonize the negative effects of N and to favour red colour formation 
in some apple cultivars. Calcium might positively affect anthocyanin and other flavonoids 
formation in apples. Information concerning the effect of other nutrients is even more 
conflicting, possibly due to complex interactions between many different factors which affect 
anthocyanin and red colour formation in apples (see Walter, 1967; Saure, 1990). 
3.2. Moisture relations 
Water availability is an important factor that may influence anthocyanin and flavonoids 
formation in fruits. Generally, the direct effect of soil moisture on anthocyanin and red colour 
formation per se is obscured due to interactions with nutrient uptake and the general influence 
on tree growth and fruit development (Walter, 1967; Sharpies, 1973). However, it appears 
that soil moisture promotes red colour formation in apples especially in dry areas or dry 
seasons as long as it is adequate for normal fruit development (Saure, 1990). Unrath (1972) 
found that 'Red Delicious' apples picked from trees which received over-tree irrigation had a 
greater surface of red coloration and were riper than fruits which received under-tree or no 
irrigation. Furthermore, air or soil moisture may influence the effectiveness of ethephon on 
red colour formation (Unrath, 1973). In a drier production area, ethephon advanced maturity 
but did not increase red colour. The application of ethephon on trees after a 5 cm soil 
irrigation or on trees which received over-tree irrigation resulted in about 30% more red 
colour in fruits than for un-irrigated trees. On the other hand, Parchomchuk and Meheriuk 
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(1996) found no effect of over-tree irrigation on red colour formation in 'Jonagold' apples. 
These conflicting results might be due to differences in the way that cultivars respond to 
cooling, or to differences in climatic conditions. Excessive soil moisture may also be 
detrimental to red colour formation due to excess tree vigour that reduces light exposure of 
the fruit (Walter, 1967). No information is available on the effect of soil or air moisture on the 
levels of other phenolic compounds in apples. 
3.3. Tree form/Pruning/Rootstock 
Tree form, pruning and the use of rootstock or interstock may alter the canopy vigour 
and consequently alter the light conditions within the canopy (Walter, 1967; Wagenmakers, 
1991). Root/shoot ratio, nutrient and assimilates supply to the remaining fruits and time of 
ripening may also be altered by pruning and rootstock types (Sharpies, 1973; Saure, 1987, 
1990; Autio, 1991). There are different types of pruning namely shoot, leaf and root pruning 
and these may be performed by several ways, at different times, and at different levels. 
Pruning systems are well known to influence fruit quality retention (Bramlage, 1993). Severe 
winter pruning stimulates vegetative growth the following season which affects negatively 
red colour formation and also may increase calcium-deficiency related disorders of the fruit 
(Sharpies, 1973). In contrast, summer pruning generally improves red colour formation in 
most apple cultivars but tends to lower fruit size and sugar level (Morgan et al., 1984; Marini 
and Barden, 1987; Saure, 1987). Summer pruning decreases both leaf area index and light 
interception and improves fruit light exposure and red colour formation (Saure, 1987; Palmer 
et al., 1992). In addition to the better light exposure of the fruits, the positive effect of 
summer pruning may be explained by an increased Ca content, or by altered hormone levels 
and distribution within the tree (Saure, 1987; Bramlage, 1993). 
Root pruning has generally been reported to increase red colour formation in several 
apple cultivars. This effect is possibly due to a restriction of the vegetative growth by which 
light exposure of the fruits is improved (Schupp and Ferree, 1989; Saure, 1990). 
Accordingly dwarfing rootstocks/interstock are generally found to stimulate the formation of 
anthocyanin compared to less dwarfing ones (see Walter, 1967). Rootstock can influence 
nutrient composition, time of ripening and storability of fruit (Sharpies, 1973; Autio, 1991). 
To a considerable extent, this reflects tree vigour but not all fruit differences can be 
attributed to growth differences. Saure (1990) suggested that besides an indirect effect of 
root pruning or dwarfing rootstocks resulting from a better light exposure caused by less 
dense foliage, there is also a direct effect of the smaller supply and transfer of root-derived 
GAs to the fruits. To our knowledge, no literature is available about the influence of tree 
form, pruning and rootstock on the concentration of flavonoids and chlorogenic acid in apple 
fruit, except on that of anthocyanin. Since both flavonoids and anthocyanin are synthesised 
from the same biosynthetic pathway, it is reasonable to assume that improving light 
conditions within the tree canopy by using dwarfing rootstocks and proper training and 
pruning systems may enhance the level of other flavonoids as well. 
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3.4. Thinning 
Fruit thinning is a very important cultural practice that affects fruit development, the 
availability of assimilates, the content of sugars, acids and dry matter, and the nutrients 
composition of apples (Poll et al., 1996; Volz and Ferguson, 1999; Wertheim, 2000). To our 
knowledge, no literature is available about the influence of crop load on the concentration of 
flavonoids and chlorogenic acid in apple fruit, except on that of anthocyanin, which is directly 
related to red colour and marketability (Smock, 1969; Walter, 1967; Saure, 1990). It is 
estimated that, under normal growth conditions, about 20% of all carbon photosynthesized by 
plants flows through the shikimate pathway and much of it might be used for the synthesis of 
the various secondary metabolites (Herrmann, 1995). According to Smith (1972), about 2% of 
the carbon fixed by plants is converted to flavonoids or closely related compounds. Flavonoid 
compounds are generally present in plants as glycosides, except flavan-3-ols (catechins) 
which are found in free rather than in glycosylated forms. One would expect that a treatment 
that causes a change in the availability of assimilate that function as flavonoid precursors 
might induce subsequent changes in the synthesis of flavonoids. It is found that dipping of 
'Mcintosh' apples in shikimic acid solution considerably increased anthocyanin formation in 
unripe but not in ripe fruit during irradiation (Faust, 1965b). Exogenous sucrose, galactose 
and glucose were effective in promoting anthocyanin synthesis in apple skin discs 
(Vestrheim, 1970). A pre-harvest application of 0.25M of galactose or glucose on fruit trees 
enhanced anthocyanin formation in 'Fuji' apples (Bae and Lee, 1995). 
Thus, the fruit to leaf ratio is expected to have a clear effect on anthocyanin and other 
flavonoids formation. In earlier literature Magness (1928a) showed the importance of 
providing adequate leaf area for obtaining acceptable fruit quality and colour. He found for 
'Delicious' and 'Winesap' apple that fruit with 10 leaves per fruit and an almost perfect light 
exposure developed only 23% of its surface red colour compared to 58% red colour in fruits 
with a leaf to fruit ratio of 75. Magness (1928b) concluded that 40 leaves per fruit were 
minimally necessary to produce acceptable fruit quality and colour in both 'Delicious' and 
'Winesap' apples, while 20 to 25 leaves were enough for 'Jonathan'. Similarly, Fletcher 
(1932) found in 'Jonathan' and 'York Imperial' apples that 50 leaves per fruit were enough to 
produce good sized and well coloured apples and increasing the number of leaves to 100 per 
fruit resulted in a further increase in red colour. Wertheim (1987) observed that in 'Jonagold' 
more leaf area per fruit and per tree resulted in more anthocyanin formation. He pointed out 
that 45 leaves per fruit were optimal for anthocyanin formation while fruit size showed a 
further increase with increasing number of leaves up to 220 leaves per fruit. Saure (1990) 
concluded in his review that the beneficial effect of thinning on fruit size and colour is 
known, but the amount of thinning necessary for maximum colour formation is still disputed 
and depends on many factors inside and outside the fruit. On the other hand, several studies 
did not show any relation between sugar content and anthocyanin formation in apples (Uota, 
1952; Blankenship, 1987; Noro et al., 1988). Moreover, summer pruning improves light 
conditions within the canopy, increases anthocyanin formation but reduces assimilate supply 
and sugar level in fruit (Saure, 1987). 
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3.5. Fruit bagging 
Covering apple fruit with paper bags during development starting about one month 
after full bloom and removing bags a few weeks before maturation is still widely applied in 
Japan as a practical method to increase anthocyanin formation and to protect fruit against 
insects and diseases (Mink, 1973). This treatment may even induce some anthocyanin 
formation in cultivars that usually do not show any red colour upon maturation like 'Mutsu' 
and 'Golden Delicious', after bag removal (Proctor and Lougheed, 1976; Noro, 2000). 
Temporary fruit bagging with foil bags was more effective in enhancing red colour 
formation than supplementary illumination in the orchard (Proctor and Lougheed, 1976). 
They also observed an optimum time for bag removal (20-30 days before harvest) for 
obtaining maximum red colour formation probably related to a certain stage of fruit growth 
and maturity. Arakawa (1988b) found that, in a number of apple cultivars, fruit bagging 
increased light sensitivity of fruit and stimulated anthocyanin formation when fruits were re-
exposed to post-harvest white or UV-B light at both immature and mature stages. However, 
this capacity of anthocyanin synthesis greatly decreased during ripening in previously 
bagged fruit while it continued to increase in previously unbagged fruit. 
The effect of fruit bagging on the synthesis of other flavonoids has been studied by Ju 
et al. (1995a). They found that apples that were kept bagged until harvest developed no 
anthocyanin but trace amounts of flavonoids (quercetin glycosides and procyanidins). In 
apples harvested 20 days after bag removal, both anthocyanin and flavonoids formation 
increased rapidly but the final level of anthocyanin was similar and that of flavonoids was 
lower than those in the unbagged control fruit. In another experiment the concentration of 
simple phenols (mainly phenolic acids) was not affected by a temporary bagging treatment 
(Ju et al., 1995b). Bagging treatments did not affect fruit maturation (Ju, 1998) and did not 
show any consistent effect on ethylene production (Kubo et al., 1988). However, it may 
reduce soluble solids and chlorophyll concentration (Proctor and Lougheed, 1976). Bagging 
might temporarily raise the level of phytochrome thus increasing the capacity of anthocyanin 
formation shortly after bag removal (Saure, 1990). 
3.6. Growth regulators and other chemicals 
Fruit growers have since long used chemical sprays for improving red colour in apples. 
Most widely used substances have been NAA and the herbicides 2,4,5-TP or 2,4,5-T. Some 
other chemicals like sodium thiocyanate, calcium carbonate, Diuron (3(3,4-dichlorophenyl)-l, 
1-dimethylurea) but also fungicides such as Captan and Tuzet have been used (Walter, 1967; 
Saure, 1990). These substances were used as a pre-harvest foliar spray to partly improve red 
colour formation in addition to their main effects. During the last decades many compounds 
have been tested to increase red colour formation but most of these chemicals were not 
practically used because of inconsistent or insufficient effects, or because of negative side 
effects as enhancing fruit ripening (Walter, 1967; Saure, 1990). The growth ripening retardant 
diaminocide (Alar, SADH) has been used also as a colour stimulating agent (Faust, 1973), but 
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its use is prohibited since 1985 because of potential health hazards. Currently ethephon (an 
ethylene-releasing compound) is most widely used both as growth regulator and to improve 
fruit coloration. This compound has the undesirable side effect of accelerating fruit ripening 
and thus of decreasing the storability of the fruit which limits its use. However, Blanpied et al. 
(1975) showed that under certain restrictions ethephon promoted colour formation without 
substantially hastening ripening of 'Mcintosh' apples when applied at a reduced concentration 
in combination with a preceding application of Alar. Murphey and Dilley (1988) concluded 
also that enhancement of anthocyanin biosynthesis may require only a brief exposure to 
ethylene which may be insufficient to negatively affect other fruit ripening characteristics. 
However, in another study a low concentration of ethephon (25 ppm) advanced ripening of 
'Mcintosh' apples by about one week (Greene et al., 1974). Therefore it is possible that the 
effect of ethephon on fruit maturation may depend upon cultivar and environmental 
conditions (Saure, 1990). Seniphos (a phosphorus-calcium mixture) has been reported to 
decrease internal ethylene and to improve colour without affecting maturation of 'Starking 
Delicious' apples (Larrigaudiere et al., 1996). According to Schmitz and Noga (1998) 
repeated application of a vitamin E formulation (containing 25% alpha-tocopherol) during 
growing improved resistance against scab infection and increased red colour formation of 
'Elstar' and 'Jonagold' apples. 
Little information, however, is available on the influence of such chemicals on other 
flavonoid classes and chlorogenic acid in apples. Ju et al. (1995a) found that ethephon 
application (250 ppm) at 20 days before maturation increased anthocyanin accumulation and 
UDPGal:flavonoid-3-o-glycosyltransferase (UFGalT) activity during maturation, but had no 
effect on flavonoids concentration and chalcone synthase (CHS) activity in both 'Delicious' 
and 'Ralls' apples. However, ethephon applied at 60 days before maturation induced high 
UFGalT activity and increased the accumulation of flavonoids but did not induce anthocyanin 
formation when the fruits were picked at 40 days before maturation. They also found that 
application of an ethylene inhibitor, aminoethoxyvenylglycine (AVG) (500 ppm) alone did 
not affect activity of both CHS and UFGalT, or the accumulation of anthocyanin and 
flavonoids. But when applied with ethephon, AVG partially counteracted the effect of 
ethephon. Prohexadione-Ca, an inhibitor of gibberellin metabolism, which is currently being 
developed as growth retardant in apple favoured the accumulation of eriodictyol and 
luteoliflavan, which does not normally occur in apple tissue (Roemmelt et al., 1999). In 
grapefruit, Berhow and Vandercook (1992) applied four different growth regulators, 
separately in a lanolin paste after fruit set and found that GA3 remarkably decreased and 
benzyladenine increased the concentration of naringin in both peel and juice whereas 
naphthaleneacetic acid (NAA) and abscisic acid (ABA) had no significant effect. 
4. Post-harvest factors 
4.1. Changes during storage 
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Generally, in apples, the concentrations of phenolic compounds decrease during fruit 
development to reach a low, more or less steady, level during maturation and ripening (Burda 
et al., 1990; Mayr et al., 1995). However, the available literature concerning changes in 
phenolics during storage and shelf life is much more contradictory. Enzymatic browning of 
apple fruit tissues and its processed products during storage is generally associated with 
polyphenol oxidase (PPO) which is able to oxidise phenolic compounds in the presence of 
oxygen (Nicolas et al., 1994). Mosel and Herrmann, (1974) reported that in 'Boskoop' apples 
the concentrations of catechin, epicatechin and phenolic acids significantly decreased during 
regular storage. Piretti et al. (1994) found that the most important phenolics in 'Granny 
Smith' apple skin, epicatechin, quercetin glycosides, procyanidins and other, unknown 
phenolic compounds generally decreased from day 100 to the end of storage at day 205, both 
at regular and low oxygen storage (1.0% O2 +2.0% CO2). Further decreases were also found 
during one week of shelf life at 20°C. Apple juice pressed from 'Granny Smith' apples stored 
for 9 months at 1°C contained a much lower concentration of phenolic compounds, especially 
procyanidins and catechins, than juice pressed from fruit stored for 3 months. Storing the 
juice concentrates for 9 month at 25°C caused loss of about 36% of cinnamic acids, loss of 
50-60% of quercetin and phloretin derivatives, and a complete loss of procyanidin (Spanos et 
al., 1990). Ju et al. (1996) reported for 'Delicious' and 'Ralls' apples stored for 4 to 5 months 
at regular storage that no changes occurred in the concentrations of simple phenols (mainly 
chlorogenic acid), flavonoids and anthocyanin. However, during 7 days at 20°C following 
storage simple phenols and flavonoids rapidly decreased. They also found that anthocyanin 
decreased during shelf life but only in early picked fruit. 
Kolesnik et al. (1977) reported that the concentration of anthocyanins and flavonols 
increased during regular storage while catechins and leucoanthocyanins decreased indicating 
a different behaviour of individual phenolic compounds. Lin et al. (1989) studied the stability 
of three types of anthocyanins (i.e. cyanidin3-galactoside, cyanidin3-arabinoside and an 
unidentified cyanidin arabinoside) in the skin of 'Starkrimson' apples stored unpackaged, 
under in-package modified atmosphere (5%C>2, 10%CO2, and 85% N2) and in heat shrinkable 
wrap at 2°C and 73% RH for up to 30 weeks. They found that C02 levels of higher than 73% 
in in-package modified atmosphere severely destabilised the three anthocyanins. Cyanidin 3-
galactoside was more stable in the skin of unpacked apples than for shrink-wrapped apples. 
On the other hand, Burda et al. (1990) reported that the concentration of epicatechin, 
procyanidin B2 and phloridzin as major phenolics of three apple cultivars 'Golden Delicious', 
'Empire' and 'RI Greening' in both the flesh and the skin remained at a relatively constant 
concentration during 6 months of regular storage. Other reports have also shown that the total 
phenol concentration in apples is relatively stable during storage (Coseteng and Lee, 1987; 
Kang and Seung, 1987). In 'Conference' pears stored in CA with various concentrations of O2 
and CO2, the concentration of total phenols was not affected by storage conditions (Veltman 
et al., 1999). Zhang et al. (2000) reported for litchi fruit that flavan-3-ols monomers and 
dimers in addition to cyanidin-3-glucoside were major phenolics that declined with storage or 
browning and these phenolics were apparently the major substrates for the enzymatic 
oxidation. 
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However, in other fruits the biosynthesis of different anthocyanin types continues after 
harvest and during regular storage even at low storage temperature in dark conditions as 
found in blueberry (Kalt and McDonald, 1996), pomegranates (Holcroft et al., 1998) and 
strawberry (Kalt et al., 1993; Holcroft and Kader, 1999; Tomas-Barberan et al., 2000). 
Increasing the CO2 concentration around fruit inhibits the post-harvest increase in 
anthocyanin, by affecting biosynthesis, degradation or both (Holcroft et al., 1998; Holcroft 
and Kader, 1999). In strawberry fruit, the concentrations of other phenolics as ellagic acid, 
catechin, quercetin and kaempferol derivatives were also increased during storage but these 
were not affected by CO2 concentration in the storage atmosphere (Holcroft et al., 1998). 
Tomas-Barberan et al. (2000) observed an increase in anthocyanin concentration in nectarine, 
cherry, grape and strawberry fruits during regular storage whereas flavonoids and 
hydroxycinnamic acid derivatives remained constant with the exception of resveratrol in 
grapes and ellagic acid in strawberry that were also increased. 
In conclusion, the complexity of results from investigations of phenolics changes during 
storage might be due to differences in the way that cultivars or species respond to storage 
conditions and/or possibly to differences in preharvest conditions. 
4.2. Post-harvest irradiation 
Apples exposed to sunlight after picking often blush rapidly compared to well 
illuminated apples still hanging on the tree and this has long been used as a commercial 
practice for improving red colour formation (Walter, 1967; Saure, 1990). Arakawa (1985) 
showed that anthocyanin formation in detached apples was greatest with UV-B irradiation and 
white light combined. Simultaneous irradiation with red and UV-B light had also a synergistic 
effect on anthocyanin formation. Arakawa (1988b) observed that the responsiveness of the 
fruit to light especially to white light, differed considerably between the cultivars. Under 
white light alone or in combination with UV-B light, 'Starking Delicious' and 'Jonathan' 
apples produce a maximum concentration of anthocyanin. 'Fuji' and 'Tsugaru' apples 
produced smaller amounts of anthocyanin and required a higher light intensity and were more 
dependent on UV-B irradiation. However, 'Mutsu' and 'Golden Delicious' produce no 
anthocyanin at even a high intensity of white light but a small amount of anthocyanin 
formation occurs with the addition of UV-B light. They observed that under white plus UV-B 
light, bagged fruit which had been covered with paper bags since about one month after 
flowering produced much higher anthocyanin amounts at both immature and mature stages 
than non-bagged ones, regardless of cultivar. Post-harvest UV-B irradiation has also been 
reported to increase the concentration of anthocyanin and other phenolics as quercetin 
glycosides and catechins and chlorogenic acid in several apple cultivars (Dong et al., 1995; 
Reay, 1999; Lancaster et al., 2000). However, the response to this treatment may vary upon 
cultivar, previous light exposure, temperature and the type of flavonoids examined (Lancaster 
et al., 2000). Tomas-Barberan et al. (2000) reported that post harvest UV-B and UV-C 
irradiation did not induce any increase in anthocyanin or flavonoids concentration of 
nectarine, cherry, grape and strawberry fruits, except that of resveratrol in grapes. The system 
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of anthocyanin biosynthesis may remain intact and active for several months during regular 
and controlled atmosphere storage in darkness. Bishop and Klein (1975) found that in contrast 
to fruit stored at regular cold storage, 'Mcintosh' apples stored for about 8 months under 
controlled atmosphere conditions showed no diminution in synthetic capacity over time. 
5. Genetic factors 
As in other plants, flavonoids contents in apples are shown to be specific for particular 
organs or tissues and, genetically, developmentally, and environmentally determined in a very 
complex and yet unclear way (Lancaster, 1992). Although the genetics and biochemistry of 
anthocyanin biosynthesis in apples has been studied by several researchers, the conclusions 
are sometimes contradictory (Cheng et al., 1996; Ju et al., 1999a). According to Ju et al. 
(1999a), anthocyanin biosynthesis in apples is controlled by a family of structural genes. 
These structural genes are tightly linked and their hereditary behaviour follows the same 
pattern as one gene with red as dominant (Cheng et al., 1996). They exist in all apple 
cultivars, whether the cultivar bears red or non-red fruit and their expression in different 
cultivars may be controlled by regulatory genes. Under field conditions, environmental 
factors might affect anthocyanin biosynthesis through these regulatory genes. Significant 
genotypic variation has been observed for the concentration of flavonoids, especially that of 
anthocyanin. Thus classical breeding would be a possible tool for improving the levels of 
flavonoids including anthocyanin in apples. In flowers, manipulation of flavonoid 
biosynthesis has become feasible after characterization of several enzymes and cloning their 
corresponding structural and regulatory genes. Recent advances in molecular biology as gene 
isolation, manipulation and transfer between species have made it possible to alter flower 
colour or plant properties in a commercially meaningful way (Mol et al., 1989; Bevan, 1993; 
Holton and Cornish, 1995). De Vos et al. (2000), introduced and over-expressed two genes 
encoding the maize Lc and CI transcription factors into tomato. This resulted in transformed 
plants with up to 60-fold higher levels of kaempferol in their fruit, mainly in the flesh, 
compared to their parent plants. Quercetin levels did not change by ectopic expression of the 
Lc/Cl genes. However, transformation of the petunia gene encoding CHI resulted in 
transgenic tomato lines that contain 70-fold higher levels of quercetin in their fruit peel 
compared to their parent plants. Like in tomato fruits, expression of the Lc/Cl genes in potato 
tubers resulted in a marked accumulation of kaempferol. It was concluded that flavonoid 
pathway engineering is a powerful tool to improve potentially healthy flavonoid compounds 
in crop plants. It appears that genetic engineering provides opportunities that will eventually 
influence flavonoids contents in fruit. However, the time lag of 10 to 15 years to deliver a 
commercial transgenic cultivar and the question of how this will be accepted by growers, 
handlers and consumers must be considered. The reader is referred to the review articles of 
e.g. Mol et al. (1989 and 1996) and Holton and Cornish (1995) for genetics and biochemistry 
of flower pigmentation in different species and of Lancaster (1992) for potential research 
areas in molecular regulation of apple skin colour. 
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Aim of the thesis 
Since flavonoids and hydroxycinnamic acid derivatives most possibly possess health 
benefits for consumers, information on important dietary sources of these compounds and 
how to increase their content in fruit would be useful. Studies of the relationships between 
environmental and developmental factors and the formation of individual flavonoids and 
chlorogenic acid during fruit growth can lead to a better understanding of the mechanism of 
overall flavonoids accumulation and thus potentially improve the possibilities to enhance 
both fruit colour and healthiness. The aim of the work described in this thesis was therefore, 
to obtain knowledge on the extent to which the contents of flavonoids and chlorogenic acid 
in the skin of apples varies, how they develop during fruit growth phase, ripening phase and 
post harvest phase and how they can be manipulated. 
Outline of the thesis 
In Chapter 2 the natural variation in flavonoids and chlorogenic acid concentrations due 
to within fruit, within tree, between orchards, between cultivars and among mutants of 
'Elstar' and 'Jonagold' apples is characterised. In Chapter 3, the natural distribution of light 
within the tree canopy and its relation with the existing variation in flavonoids and 
chlorogenic acid concentrations in fruit is analysed. The relationships between fruit nutrients 
and the concentrations of flavonoids and chlorogenic acid were studied in Chapter 4. The 
hypothesis that, assimilate availability would influence the synthesis of secondary metabolites 
as flavonoids and chlorogenic acid was evaluated in Chapter 5. Chapter 6 describes the 
changes that occur during fruit development and the interrelation between different flavonoid 
classes and chlorogenic acid. In Chapter 7, the influence of some plant growth regulators and 
fruit maturation on the accumulation of flavonoids and chlorogenic acid were investigated. 
The changes in these compounds during postharvest storage at regular and controlled 
atmosphere storage conditions and during shelf life were determined in Chapter 8. In Chapter 
9 an attempt was made to integrate the results of the previous chapters in a general discussion. 
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Flavonoid and chlorogenic acid concentrations in apple 
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Abstract 
Variations in flavonoid and chlorogenic acid concentrations within fruit, within tree, 
between orchards, between cultivars and among mutants were characterised and quantified in 
'Elstar' and 'Jonagold' apples by reversed-phase high performance liquid chromatography (RP-
HPLC). The sun-exposed skin of individual fruit had much higher cyanidin 3-galactoside 
(anthocyanin) and quercetin 3-glycoside concentrations than the shaded skin, while phloridzin, 
catechins and chlorogenic acid were similar in the skin of both sides. Individual flavonoid and 
chlorogenic acid concentrations were not equally distributed within the fruit. Quercetin 3-
glycosides and anthocyanin were almost exclusively found in the skin. Catechins were mostly 
found in the skin but some were present in the flesh. Phloridzin was most abundant in the seeds, 
with intermediate concentrations in both the core area and the skin, and the lowest concentration 
in the flesh. Chlorogenic acid was mainly present in the core area and the seeds with an 
intermediate concentration in the flesh and a low concentration in the skin. The concentrations of 
anthocyanin, quercetin 3-glycosides and total flavonoids were highest in fruit borne in the top of 
the tree followed by fruit from the outer tree parts, whereas the lowest concentrations were found 
in fruit from the inner tree. Terminal fruit contained the highest concentrations of these 
compounds, including catechins, compared to lateral and spur fruit. Phloridzin and chlorogenic 
acid were not affected by the position of the fruit in the tree nor by the bearing wood type. There 
were large differences in flavonoid and chlorogenic acid concentrations in 'Elstar' fruit between 
two normally productive orchards differing mainly in growth vigour. 'Jonagold' and its mutants 
had considerably higher concentrations of flavonoid and chlorogenic acid than 'Elstar' and its 
mutants. The most blushed mutants of both cultivars had higher concentrations of anthocyanin but 
not of flavonoids or chlorogenic acid compared to the standard cultivar and to the less blushed 
mutants. The most blushed mutants had a higher number of red cells per cell layer and more cell 
layers containing red cells than the standard cultivar and the less blushed mutants. 
1. Introduction 
The attractiveness of apples to consumers is determined both by appearance and by internal 
attributes of firmness, taste, and health benefits. Flavonoids, phenolic secondary plant 
metabolites, contribute to both fruit colour and human health. Flavonoids are widely believed to 
possess anti-oxidative, anti-microbial, anti-mutagenic and anti-carcinogenic properties (Koes et 
al. 1994; Formica and Regelson, 1995; Shirly, 1996; Robards and Antolovich, 1997). 
Epidemiological studies have shown an inverse relationship between the intake of fruits, 
vegetables and beverages rich in flavonoids and the incidence of coronary heart disease, but the 
relationship with cancer is not clear (Hollman, 1997). Apple is one of the main sources for 
flavonoid intake in the European diet, after onion and tea (Hertog et al., 1993). The major 
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flavonoid classes occurring in apple fruit are fiavonols such as quercetin 3-glycosides, monomelic 
and oligomeric flavan-3-ols such as catechin, epicatechin and procyanidins, dihydrochalcones 
such as phloridzin and, in red-coloured cultivars, anthocyanins such as cyanidin 3-glycosides. 
Apple fruit also contain considerable amounts of hydroxycinnamic acid derivatives which are 
mainly represented by chlorogenic acid (Lancaster, 1992; Nicolas, 1994). Flavonoids and 
chlorogenic acid also contribute to the quality aspects of apples. Their red colour is primarily due 
to the flavonoid cyanidin-3-galactoside located in the vacuoles of skin cells (Sun and Francis, 
1967; Lancaster, 1994), and the browning occurring in processed apple such as juices and ciders 
is mainly due to oxidation of chlorogenic acid by oxidative enzymes (Nicolas, 1994). 
The biosynthesis of flavonoids in apple, as in other plant tissues, includes precursors from 
both the shikimate and the acetate-malonate pathways via several enzymatic steps (Stafford, 
1990; Lancaster, 1992; Van der Meer et al., 1993). Flavonoids are generally present in plant 
tissues as glycosides. In apple, the predominant sugar involved in glycosylation is galactose. 
Other sugars involved are glucose, rhamnose, xylose, arabinose and the disaccharide rutinose. 
Contrary to other flavonoids, flavan-3-ols are generally found in free rather than in glycosylated 
forms. The different flavonoid classes are predominantly located in the skin (McRae et al. 1990; 
Guyotetal., 1998). 
McRae et al. (1990) concluded that culture and growing conditions have limited effects on 
the polyphenol profiles of the cortex and peel of apple fruits but did not discuss effects on actual 
concentrations. There is considerable qualitative information on the developmental and 
environmental regulation of anthocyanin biosynthesis in apples (Saure, 1990; Lancaster, 1992), 
but quantitative information on the amplitude of variation and hence the potential for control is 
almost lacking. For other flavonoid substances even the variation in content due to varietal and 
environmental factors is poorly studied. 
Plant health substances in fruit contribute to fruit quality as precepted by consumers and 
more quantitative knowledge is needed of natural variation in order to increase or optimise their 
concentration in fruits. The purpose of the present research was, therefore, to measure variation in 
concentrations of major flavonoid compounds and chlorogenic acid in apples due to location 
within the fruit, within the tree, between orchards and between cultivars and their mutants. 
2. Materials and Methods 
2.1. Plant material 
Mature apple fruit of the cvs Elstar, Jonagold and some of their mutants were collected at 
commercial harvest from trees grafted on M 9 rootstock, trained as slender spindles and grown in 
commercial orchards in The Netherlands. Samples generally consisting of 15 fruit were peeled 
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with a hand peeler, frozen in liquid nitrogen and freeze-dried. The freeze-dried skin was ground 
and sieved to separate it from adhering fleshy parts. The dry skin samples were kept at -20 °C for 
later flavonoid and chlorogenic acid analysis. 
To characterise within-fruit variation, in 1996 a sample of fruit was collected from the 
periphery of 15 trees (one fruit per tree) of ' Jonagold', 'Elstar' and two related mutants, 'Elshof 
and 'Red Elstar', at commercial harvest. The peel was divided into two parts: (1) shaded (no or 
very little red colour) and (2) sun-exposed (nearly full red colour). In 1998, samples of fruit from 
the periphery of trees of 'Jonagold' and of 'Elstar' were collected from two replicates each of 15 
trees at commercial harvest. Fruit was divided into skin, flesh, core area and seeds and then frozen 
in liquid nitrogen and prepared as described above for the skin. 
To characterise within-tree variation, the position of fruit in the tree and the type of bearing 
wood were defined as sources of variation. Positions were top, inner, and outer, and for outer 
position the sectors north (N), east (E), south (S) and west (W) were distinguished. At each 
position fruits were taken from one year terminals (shoots >10 cm), one year laterals (lateral 
position on one-year-old shoots) and spurs. In 1996 two 'Elstar' orchards were involved: Orchard 
A had a North-South orientation, a planting system of four-row beds, a light soil and vigorous 
growth. Orchard B had an East-West orientation, with a planting system of three-row beds, rather 
heavy soil and moderate growth. Both orchards were normally productive and received the 
standard commercial cultural practices. In each orchard, 24 trees were randomly selected. At 
commercial harvest one box of fruit (about 12 Kg) was picked for each bearing wood type at each 
position in each orchard. In the laboratory, a sample was randomly taken from each box, and 
peeled. The skin was prepared as described earlier for analysis. 
Cultivar and mutant variation were studied in 1998 by collecting, at commercial harvest, 
fruit samples from the periphery of trees of standard 'Elstar' and 'Jonagold' and some of their 
corresponding mutants. Standard 'Elstar' was compared with the mutants 'Elshof, 'Red Elstar', 
'Elstar Roelse' and 'Bel Elstar' using samples from two replicates of five trees (3 fruits per tree) 
for each cultivar. Standard 'Jonagold' was compared with the mutants 'Jonagored', 'Red 
Jonaprince',' Jonaveld', 'Crowngold' and 'Decosta' sampled as described above. Both 'Jonagold' 
and 'Elstar' and their corresponding mutants were growing in the same orchard. Fruit of all 
cultivars and mutants were peeled and the skin prepared as described earlier for analysis. 
2.2. Microscopic study of anthocyanin-containing cells 
Cross-sections were prepared with a slide microtome from the red skin of mature 'Jonagold' 
and its dark-red mutant 'Red Jonaprince' shortly after picking. Each section was placed on a glass 
slide and covered with droplet of glycerin-gelatin and a cover slip. Micrographs were made using 
a light microscope (350 x). 
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2.3. Extraction and quantification offlavonoids and chlorogenic acid 
Flavonoids and chlorogenic acid were extracted and quantified by adaptation of the method 
of Lister et al., (1994). Freeze dried apple skin (0.5 g) was extracted in 20 ml of methanol/10% 
acetic acid, 85/15 for 30 min in an ultrasonic bath. The extract was concentrated almost to dryness 
under vacuum at 35 °C and dissolved in 1 ml methanol plus 1 ml of 10% acetic acid in an 
ultrasonic bath for 1 min. The extract was transferred into a 25 ml volumetric flask and the 
volume brought to 25 ml with 10% acetic acid and filtered through a 0.2 um chromafil filter 
before injecting onto the RP-HPLC. 
The RP-HPLC system consists of a Merck Hitachi (L 6200A) pump with a Marathon 
automatic sample injector, a UV Perkin-Elmer (LC-85B) detector and a visible Spectra-Physics 
(SP 8480 XR) detector. The RP-18 column (Hypersil, C18 (ODS), 5 |am, 250 mm x 4.6 mm) was 
fitted with a direct connect prefillable guard column (Alltech). Chromatographic traces were 
recorded using the Maestro (Chrompack) computer programme. The HPLC eluate structure and 
wavelength used for monitoring the individual flavonoids and chlorogenic acid were as follows: 
(1) 10% acetic acid/acetonitrile (70/30) monitored at 530 nm for cyanidin 3-galactoside and at 
280 nm for phloridzin; (2) 10% acetic acid/acetonitrile (91/9) monitored at 366 nm for quercetin 
3-glycosides and at 313 nm for chlorogenic acid; and (3) 10% acetic acid monitored at 280 nm for 
catechin and epicatechin; in the latter the eluent was switched to 10% acetic acid/acetonitrile 
(70/30) every 10 min for about 5 min in order to clean up the column before the next sample 
injection. The eluate was de-aerated by vacuum filtration through a 0.2 nm filter. Samples of 20 
(al were injected onto the column which was maintained at 30 °C using a Marathon column heater. 
The flow rate was maintained at 1 ml/min. The chromatogram peaks of individual compounds 
were identified by comparing retention times with those of authentic compounds. Integrated peaks 
were calculated by comparison with standard solutions of known concentration. Standards used to 
quantify the HPLC data were cyanidin 3-galactoside, quercetin 3-galactoside, quercetin 3-
rhamnoglucoside, quercetin 3-glucoside and quercetin 3-arabinoside (Routh). Quercetin 3-
xyloside was purchased from Plantech, Reading U.K. and Quercetin 3-rhamnoside from Sigma. 
(+)-Catechin and (-)-epicatechin were obtained from Aldrich. Phloridzin and chlorogenic acid 
were obtained from Fluka. Analytic quality control was performed by including control samples 
with a known amount of flavonoids and chlorogenic acid in every series of analysis. All 
determinations were carried out in duplicate. When duplicates differed more than 10%, sample 
extraction and measurement was repeated. Data were statistically analysed by analysis of variance 
using the statistical package Genstat 5, release 4.1 (Rothamstead, UK). 
3. Results 
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3.1. Difference between sun-exposed and shaded skin of the same fruit 
Sun-exposed skin parts clearly contained higher concentrations of cyanidin 3-galactoside 
(anthocyanin) and quercetin 3-glycosides than shaded skin parts of the same fruit (Table 1). This 
held both for standard cultivars and their coloured mutants. There were no significant differences 
in the concentrations of phloridzin, catechins and chlorogenic acid between the sun-exposed and 
shaded skin. In both exposed and shaded skin, quercetin 3-glycosides were the dominant 
phenolics followed by catechins. 
3.2. Distribution within individual fruit 
Since there were no significant interactions between tissue zone and cultivar in flavonoid 
concentrations, the data for the two cultivars were combined to determine the distribution of 
flavonoids in the fruit. Table 2 shows that cyanidin 3-galactoside was mainly located in the skin 
with traces in other parts, whereas quercetin 3-glycosides were exclusively found in the skin. 
Except for the flesh, the concentration of phloridzin increased from the skin to the seeds. 
Phloridzin was the principle flavonoid in the seeds, where it contributed 98% of total flavonoids. 
Catechins concentration increased in the direction from the seeds to the skin. For distribution of 
chlorogenic acid, interaction was found between tissue and cultivar. In' Jonagold' the chlorogenic 
acid concentration was maximal in the core area and in 'Elstar' in the seed. 
3.3. Variation within the tree and between orchards 
Position of the fruit in the tree, type of bearing wood and orchard all significantly affected 
flavonoid and chlorogenic acid concentrations in 'Elstar' fruit skin (Tables 3 and 4). The 
concentrations of cyanidin 3-galactoside, quercetin 3-glycosides, and total flavonoids were 
significantly higher in fruit from the top than in fruit from other positions and in fruit from the 
outer position compared to fruit from the inner position. There were no significant differences in 
flavonoid and chlorogenic acid concentrations among the outer sectors (N, E, S and W). The 
concentration of phloridzin, catechins and chlorogenic acid did not significantly differ among all 
positions. Terminal fruit contained significantly higher concentrations of cyanidin 3-galactoside, 
quercetin 3-glycosides, catechins and total flavonoids than lateral and spur fruit. 
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Chlorogenic acid concentration was higher in terminal fruit than spur fruit. Lateral and spur fruit 
did not differ significantly in flavonoid and chlorogenic acid concentrations. Phloridzin 
concentration was not influenced by bearing wood type. Fruit from orchard B had significant 
higher concentrations of cyanidin 3-galactoside, catechins, total flavonoids and chlorogenic acid 
than fruit from orchard A. There were significant interactions among position, bearing wood type 
and orchard on the concentration of cyanidin 3-galactoside (Tables 3 and 4). 
3.4. Variation between cultivars and their corresponding mutants 
The HPLC chromatographic profiles of flavonoids were qualitatively similar for all 
cultivars and their corresponding mutants, yet quantitatively different (Table 5). On the whole, 
' Jonagold' and its mutants had a significantly higher concentration of total flavonoids, especially 
quercetin 3-glycosides, than 'Elstar' and its mutants. The largest differences occurred in some 
individual quercetin 3-glycosides and in chlorogenic acid. 'Elstar' fruit contained a significantly 
higher concentration of quercetin 3-rhamnoglucoside and significantly lower concentrations of 
both quercetin 3-rhamnoside and chlorogenic acid compared to 'Jonagold' fruits. The visually 
more blushed mutants (e.g. 'Red Jonaprince' and 'Bel-Elstar') also had a higher concentration of 
cyanidin 3-galactoside than the standard or the less blushed mutants. Except for cyanidin 3-
galactoside, there were no significant differences in the concentration of flavonoid compounds 
between a cultivar and its related mutants. 
Table 2. Distribution of flavonoids and chlorogenic acid in different tissues of mature 'Jonagold' and 'Elstar' 
apples (1998)" 
Tissue zone 
Skin 
Flesh 
Core 
Seed 
LSD0.05 
F-test 
Cultivar (C) 
Zone (Z) 
C x Z 
Flavonoids and chlorogenic 
Cyanidin 
3-galactoside 
1.27 
0.03 
0.06 
0.05 
0.18 
NS 
*** 
NS 
Phloridzin 
0.79 
0.08 
1.94 
7.41 
1.06 
** 
*** 
NS 
acid (me e dw 
Catechins 
1.94 
0.37 
0.43 
0.10 
0.21 
*** 
*** 
NS 
Quercetin 
3-glycosides 
5.41 
0.00 
0.00 
0.00 
-
-
-
-
Total 
flavonoids 
9.41 
0.48 
2.43 
7.56 
1.25 
NS 
*** 
NS 
Chlorogenic 
acid 
0.20 
0.48 
2.10 
1.13 
0.14 
* 
*** 
*** 
a
 Catechins, the sum of catechin and epicatechin; quercetin 3-glycosides, the sum of quercetin 3-galactoside, 
quercetin 3-glucoside, quercetin 3-xyloside, quercetin 3-rhaminoside, quercetin 3-rhamnoglucoside and quercetin 3-
arabinoside; total flavonoids, the sum of cyanidin 3-galactoside, phloridzin, catechins and quercetin 3-glycosides; NS: 
not significant; and *, ** and *** , significant at levels P = 0.05, O.Oland 0.001, respectively; (-) not calculated. 
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The microscopic study (Fig. 1) showed that even in the reddest part of the skin many cells 
have no anthocyanin in their vacuoles. The cellular distribution of red colour was different for the 
standard cultivar and its derived mutants. In standard 'Jonagold', red cells occurred in the 
epidermis and in the outer hypodermal layer, whereas in 'Red Jonaprince' anthocyanin was found 
in the epidermis and in three hypodermal layers. The pigmented hypodermal cells usually 
contained larger and darker red vacuoles than the pigmented epidermis cells. The mutant 'Red 
Jonaprince' had a higher proportion of dark red cells than standard 'Jonagold'. 
Table 4. The interaction effect of position, bearing wood type and orchard type on cyanidin 3-galactoside 
concentration in mature 'Elstar' fruit skin" 
Wood type (W) 
Orchard (O) 
1YT 
1YL 
>2Y 
A 
B 
Cvanid n 3-galactoside (me a d\v) 
Position (P) 
Top 
0.41 
0.17 
0.20 
0.18 
0.33 
Inner 
0.05 
0.03 
0.05 
0.04 
0.04 
North 
0.19 
0.15 
0.07 
0.07 
0.20 
South 
0.20 
0.12 
0.16 
0.10 
0.22 
East 
0.21 
0.13 
0.13 
0.11 
0.19 
West 
0.16 
0.18 
0.11 
0.05 
0.25 
Orchard (O) 
A B 
0.11 0.29 
0.07 0.19 
0.10 0.14 
' LSDo.os for P x W, P x O, and W x O = 0.093, 0.076 and 0.054, respectively. 
4. Discussion 
Very low concentrations of anthocyanin, moderate concentrations of quercetin 3-glycosides 
and relatively high concentrations of phloridzin, catechins and chlorogenic acid were found in the 
shaded skin of an individual fruit (Table 1) and also in the skin from fruit borne in the inside of 
the canopy (Tables 3 and 4), indicating that anthocyanin synthesis is a light dependent process, 
while the synthesis of other phenolic metabolites is slightly if at all light dependent. These results 
support the suggestion of Ju (1998) that the genes controlling the synthesis of different phenolic 
compounds might have a different sensitivity to light. Dong et al. (1995) found that exposing 
green 'Royal Gala' apple fruit (picked from the inside of the tree) to white plus UV light 
increased anthocyanin and flavonoids to a similar level as naturally coloured fruits. Our data 
confirm those of Workman (1963) who found for 'Golden Delicious' a double amount of 
quercetin glycosides in exposed fruit compared to ones from shaded tree parts and a 2 fold higher 
concentration of quercetin glycosides in sun-exposed peel than in shaded peel of the same fruit. In 
contrast, Ju et al. (1996) found for 'Delicious' and 'Ralls' a similar concentration of flavonoids 
(flavonols and procyanidins) in both sides although in sun-exposed peel twice as much 
anthocyanin was found than in shaded peel. 
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Fig. 1. Anthocyanin distribution in cross-sections of apple skin of (a) standard' Jonagold' and (b) 
its mutant 'Red Jonaprince'. Magnification: 350x. 
Moreover, in contrast to our data, the concentration of simple phenols (mainly chlorogenic acid) 
was significantly higher in the shaded than in the exposed peel. 
With regard to the distribution of flavonoid and chlorogenic acid within the apple fruit our 
results (Table 2) confirm those of Guyot et al. (1998), indicating that the synthesis and the 
accumulation of phenolic compounds is tissue specific. The higher concentrations of phloridzin, 
catechins and chlorogenic acid in deeper tissue zones may indicate that the genes controlling their 
synthesis are not light dependent. However, it is not certain whether flavonoid biosynthetic genes 
are active in these unpigmented tissues. Alternatively, an intercellular transport of flavonoids, 
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precursors and/ or enzymes in the fruit might be postulated as assumed for petunia flower by Koes 
et al. (1990). The genetic activity of the various parts of the apple fruit might be different as it is 
a pome fruit (not a true fruit). The core and seeds originate from the ovary and the fleshy part 
from the floral tube, the fused bases of sepals, petals and stamens (Pratt, 1988). Yao et al. (1999) 
found that MADS-box genes (involved in development) in apple fruit are preferentially expressed 
in the different apple parts. Strict separation in red coloration between adjacing cells subject to the 
same illumination (Fig. 1) has also been observed by Dayton (1959) and Lancaster et al. (1994). 
The mechanism behind this striking on/off phenomenon is unclear. 
Much of the within-tree variation in fruit quality can be attributed to two factors: position of 
the fruit in the canopy, which determines the light microclimate under which fruit develop, and 
bearing wood type (Volz et al., 1994). It is known that the intensity and the composition of the 
light are different in the exterior and interior regions of the tree canopy. Fruit in the top of the tree 
may receive a higher light intensity with relatively more UV and red light, and relatively less far-
red light than in other positions (Looney, 1968; Proctor, 1975). Such conditions would stimulate 
the synthesis of anthocyanin and other flavonoids in fruit at the top and outer position (Kubo et 
al., 1988; Lister et al., 1994). The higher concentrations of flavonoids especially cyanidin-3-
galactoside and quercetin 3-glycosides in terminal fruit compared to lateral and spur fruits (Tables 
3 and 4) may be explained partly by better light conditions and by a better availability of 
metabolites and minerals. Volz et al. (1994) found that terminal flower buds on one-year-old 
wood flower earlier, form a larger leaf area, and produce larger fruit with higher Ca and Mg 
concentrations than buds on other wood types. It is interesting to note that differences in ripeness 
(as determined by starch stage, firmness, sugar and acid levels) between various positions in the 
tree and wood types were only slight (data not reported). This may be an indication that the 
formation of cyanidin 3-galactoside and quercetin 3-glycosides in apple fruit is mainly dependent 
on a specific spectral distribution, as also suggested for colour development by Proctor et al. 
(1975). 
The higher concentration of flavonoids in orchard B (Tables 3 and 4) might be due to its 
lower external and internal shading and also to higher P and Ca and lower N concentrations 
(paper in preparation). Both lower external and internal shading results from lower growth vigour 
giving more free space between trees and less room occupied by leafy shoots within trees. Higher 
P and Ca concentrations have been indicated as possible potential factors by Larrigaudiere et al. 
(1996) who showed that in 'Starking Delicious' apples anthocyanin concentration was positively 
influenced by a treatment with seniphos, a compound containing mainly P and Ca. By this 
treatment ripening and ethylene production were not affected. Tan (1980) suggested that low N 
and K promote the accumulation of the enzyme PAL, and thus stimulate anthocyanin formation in 
apple. Considering all of the fruit characteristics (but especially starch and firmness) fruit from 
orchard B did not appear to be more advanced in ripeness. 
Cultivar variation in flavonoids and chlorogenic acid concentrations has also been reported 
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by McRae et al. (1990) and Perez-Ilzarbe et al. (1991). Fruit response to light in anthocyanin 
synthesis varies considerably among apple cultivars (Arakawa, 1988b). The differences between 
the standard cultivars and their mutants show potential anthocyanin accumulation may increase 
several fold in more blushed mutants without influencing the concentrations of other flavonoids 
(Table 5). If potential maximum concentrations of flavonoid compounds in apple is mainly 
genetically determined, this could be an important consideration in apple breeding programmes. 
In conclusion, these results show that there is much room for optimising the concentration 
of healthy substances in fruit through cultivation, selection of varieties and sorting. Since the skin 
is such an important source of phenolics, any promotion of apple consumption should imply the 
skin and this, in turn, should be facilitated by safe, e.g. organic, ways of growing. 
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Abstract 
The objective of our work was to determine how fruit position on the tree affects flavonoid 
and chlorogenic acid contents. Light was measured at different positions within the canopy of 10-
year-old 'Jonagold' apple trees on M.9 rootstock raised as slender spindles. Fruit from the top of 
the canopy contained the highest percentage of blush and the highest concentrations of cyanidin 
3-galactoside (anthocyanin) and quercetin 3-glycosides, followed by fruit from the outside of the 
canopy, and then those from the canopy interior. There were no significant differences in the 
concentrations of catechins, phloridzin and chlorogenic acid among fruit from the different 
canopy positions. Light level was directly correlated with the concentrations of cyanidin 3-
galactoside and quercetin 3-glycosides and with the percentage of blush in the fruit skin. Light in 
the interior of the canopy was poorer in UV-A, blue, green and red but richer in far-red light than 
at all other positions. Consequently, the FR/R ratio was much larger at the interior of the canopy 
than at all other positions. Both anthocyanin and quercetin 3-glycoside concentrations were 
clearly related to light level, and there was a critical FR/R ratio of about 1 above which no 
anthocyanin and only minimal quercetin 3-glycosides were formed. 
1. Introduction 
Flavonoids, plant-derived phenylpropanoid compounds, can serve as free radical 
scavengers and metal chelators (Stafford, 1990; Rice-Evans et al., 1997). Recently, they have 
been attributed possible inhibitory action against certain cancers and coronary heart disease 
(Formica and Regelson, 1995; Steinmetz and Potter, 1996; Hollman, 1997). Apple fruits are 
known to be rich in flavonoid compounds such as anthocyanins, dihydrochalcones, quercetin 3-
glycosides, catechin, and epicatechin and its polymers, which are mainly located in the skin 
(Lancaster, 1992; Awad et al., 2000). Their red colour is due to anthocyanin pigments, mainly 
cyanidin 3-galactoside, which can scavenge superoxide radicals in an in-vitro system (Yamasaki 
et al., 1996). Apple fruits also contain considerable amounts of hydroxycinnamic acid 
derivatives, mainly represented by chlorogenic acid (Lancaster, 1992; Nicolas, 1994), which 
showed higher antioxidant capacities than vitamins C and E in in-vitro studies (Rice-Evans et al., 
1997). Flavonoid and chlorogenic acid concentrations in fruits vary greatly among cultivars, 
orchards, positions within the tree and within individual fruit (Awad et al., 2000). Effects of 
environmental factors and cultural practices on the formation of anthocyanin have been well 
documented (Walter, 1967; Saure, 1990; Lancaster, 1992). Two environmental factors are 
especially important: temperature and light. Light conditions within the canopy can be improved 
by using dwarfing rootstocks, suitable planting systems, optimum row orientation and proper 
training and pruning systems (Wertheim et al., 1986; Wagenmakers and Callesen, 1995). 
Anthocyanin concentration in apple skin increased with light level, up to about 50% of full 
sunlight (Jackson, 1980, Barritt et al., 1997). According to Siegelman and Hendricks (1958), the 
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formation of anthocyanin in apple skin is controlled by a high-energy photoreaction, with an 
action maximum between 650 and 670 nm. A subsidiary one at 430 to 480 nm has been reported 
by Downs et al. (1965). In post-harvest, white plus UV-B light at 312 nm was optimal for 
anthocyanin synthesis, with red and blue light additive (Arakawa et al., 1985; Arakawa, 1988a). 
In attached apples, UV cut-off filters prevented rapid anthocyanin formation after bag removal 
(Kubo et al., 1988). White plus UV light can also promote synthesis of different flavonoid classes 
(Dongetal., 1995). 
The objectives of this study were (1) to characterise the natural light level and its spectral 
distribution within a 'Jonagold' apple tree canopy grown in a humid climate and (2) to determine 
any relationship between the measured characteristics of light and the concentrations of flavonoid 
and chlorogenic acid in the fruit skin. 
2. Materials and methods 
2.1. Plant material 
In 1997, four 10-year-old commercially grown 'Jonagold' apple trees (replicates) on M.9 
rootstock and trained as slender spindle in The Netherlands were used. The planting system was a 
single row, oriented north to south with spacing of 1.25 m by 3.0 m. 
2.2. Experimental procedure 
Radiation within a tree canopy was measured between 330 and 1000 nm at 5 nm intervals 
during a cloudy and a sunny day using a spectroradiometer (LI-COR, Model LI-1800) equipped 
with a remote light collector held horizontally during all measurements. Readings were taken at 
four zones within the canopy of each tree. Zone 1 was the canopy top about 2 m from the ground; 
zone 2 was the inner position of the canopy at 1 m; zones 3 and 4 were the outer east and west 
sides about 20 cm inside the canopy at 1.5 m. In these zones the averages of 3,4, 3 and 3 reading 
points 25 cm apart were used, respectively. A reference spectrum was measured above the tree 
immediately before measuring within each tree. Spectral irradiances at 735 and 645 nm were 
used to calculate the FR/R ratios (Kasperbauer 1987). The measurements under cloudy condition 
were done on August 27 between 14.00 and 15.00 h. Sunny conditions were measured on 
September 2 between 11.00 and 12.00 h. and repeated between 13.00 and 14.00 h. 
Daily global radiation data during the period of anthocyanin formation (about 5 weeks 
before harvest, August 27 to October 2) were collected from a weather station located about 30 
km from the orchard. The global radiation was 10.7 MJ/m2 on August 27, 15.0 MJ/m2 on 
September 2 and the daily average from August 27 to October 2 was about 12.0 MJ/m2. 
At commercial harvest (October 2) 10 fruit were picked from each zone for each tree. The 
percentage of blushed area of each fruit was measured with the colour measuring vision system 
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'Keurmeester' (AWETA fruit grading company, Nootdorp, The Netherlands) adjusted to a 
specific setting for 'Jonagold' apples. Fruit were then peeled and the peel was immediately frozen 
in liquid nitrogen and then vacuum dried. The freeze-dried peel was ground and sieved to 
separate the skin from adhering fleshy parts. The dry skin samples were then kept at -20 °C for 
later flavonoid and chlorogenic acid analyses. 
2.3. Flavonoid and chlorogenic acid analyses 
The extraction and reversed-phase high performance liquid chromatography (RP-HPLC) 
quantification of flavonoids and chlorogenic acid were carried out as previously described by 
Awad et al. (2000). 
2.4. Statistical analysis 
All data were subjected to analysis of variance and the means separated by F-test and by 
the least significant difference (LSD) test at the 5% level using the statistical package Genstat 5, 
release 4.1 (Rothamstead, UK). Regression analysis was used to relate light level and the 
concentration of cyanidin 3-galactoside and quercetin 3-glycosides and blush percentage in the 
fruit skin. 
3. Results 
3.1. Light level 
Under cloudy and sunny conditions, the inner tree received significantly less light than the 
other positions (Table 1). Under cloudy conditions, differences between the top and the outer east 
and west positions were not significant, but under sunny conditions the top and outer east 
positions received more radiation than the west ones. Within each position far-red light 
penetrated better than light of shorter wavelengths. 
3.2. Spectral composition 
Under both cloudy and sunny conditions, the inner position received a significantly lower 
proportion of UV-A, blue, green and red but a higher proportion of far-red light than all other 
positions (Table 2). There were no significant differences between the top and the outer (east and 
west) positions. The relative light composition under cloudy and sunny conditions was similar. 
The FR/R ratio was significantly larger at the inner position than at all other positions. 
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3.3. Flavonoid and chlorogenic acid concentrations in fruit skin and percentage of blush 
The cyanidin 3-galactoside (anthocyanin) concentration in fruits from the top of the tree 
was higher than in fruit from all other positions (Table 3). Quercetin 3-glycosides and total 
flavonoids were highest in fruit from the top position. Cyanidin 3-galactoside, quercetin 3-
glycosides and total flavonoids were significantly lower in inner fruit than in those from all other 
positions. Phloridzin, catechins and chlorogenic acid concentrations were not significantly 
affected by fruit position. Percent of blush on fruit followed the same trend as found for cyanidin 
3-galactoside. 
3.4. Relationship between light level and the concentrations of cyanidin 3-galactoside, quercetin 
3-glycosides and percentage of blush 
Significant correlations were found between light level and the concentrations of cyanidin 
3-galactoside (r = 0.66, P<0.05), quercetin 3-glycosides (r = 0.86, P<0.05), and percentage of 
blush (r = 0.61, P<0.05) in the fruit skin. It is evident that at low light level and above a critical 
FR/R ratio (about 1) there was virtually no anthocyanin formation (Fig. la and b). Quercetin 3-
glycosides concentration was probably zero at zero light level (Fig. 2a) but above a FR/R ratio of 
1 there was still a minimum level of about 2.5 mg/g dw (Fig. 2b). 
Table 1. Percent of incoming light at different positions in a 'Jonagold' apple tree canopy measured 
under cloudy and sunny conditions' 
Position on tree 
Cloudy conditions 
Top 
Inner 
Outer east 
Outer west 
F-test 
LSD o.o5 
Sunny conditions 
Top 
Inner 
Outer east 
Outer west 
F-test 
LSD o.05 
Light level (percentage of above tree} 
UV-A 
59 
8 
55 
57 
*** 
25 
65 
7 
75 
50 
##* 
16 
Blue 
59 
8 
54 
58 
*** 
26 
67 
7 
75 
49 
*** 
19 
Green 
60 
8 
54 
58 
*** 
25 
68 
7 
81 
49 
*** 
18 
Red 
60 
9 
55 
58 
*** 
24 
69 
6 
84 
49 
*** 
21 
Far-red 
69 
17 
64 
63 
*** 
20 
80 
15 
95 
56 
*** 
22 
Total radiation 
61 
10 
56 
53 
*** 
16 
70 
8 
82 
50 
*** 
19 
"Values are the means of four trees. UV-A, 330-400 nm; blue 400-450 nm; green, 450-530 nm; red, 600-700 
nm; far red, 700-750 nm; total radiation, 330-750 nm. The measurements under cloudy conditions were between 
14.00 and 15.00 h on August 27; those under sunny conditions were on September 2 between 11.00-12.00 h and 
were repeated between 13.00 and 14.00 h. ***, significant at P = 0.001. 
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Table 2. Spectral composition and FR/R ratio (735/645 nm) at different positions in a 'Jonagold' apple tree 
canopy measured under cloudy and sunny conditions" 
Position on tree 
Cloudy conditions 
Above tree 
Top 
Inner 
Outer east 
Outer west 
F-test 
LSD 005 
Sunny conditions 
Above tree 
Top 
Inner 
Outer east 
Outer west 
F-test 
LSD o.o5 
Spectra 
UV-A 
7.2 
6.5 
4.0 
6.6 
6.4 
*** 
0.5 
6.1 
5.6 
2.9 
5.2 
5.9 
*#* 
0.7 
composition (percentage of total available light 
Blue 
9.0 
8.3 
5.3 
7.8 
8.3 
*** 
0.6 
8.7 
7.9 
4.1 
7.4 
8.0 
*** 
0.9 
Green 
18.0 
16.5 
10.7 
16.1 
16.6 
*** 
0.8 
17.7 
16.3 
9.5 
16.0 
15.9 
** 
2.8 
Red 
18.8 
17.5 
11.4 
17.1 
17.5 
*** 
1.1 
20.4 
18.7 
7.9 
19.0 
17.8 
*** 
1.4 
Far-red 
10.5 
11.5 
14.8 
11.7 
11.6 
*** 
0.8 
10.7 
11.6 
15.4 
11.7 
11.4 
*** 
0.9 
FR/R 
0.83 
0.97 
2.00 
1.10 
1.00 
**# 
0.25 
0.82 
0.99 
3.20 
0.98 
1.03 
*** 
0.73 
"Values are the means of four trees. UV-A, 330-400 nm; blue 400-450 nm; green, 450-530 nm; red, 600-700 
nm; far red, 700-750 nm. The total of available light used was in the range of 330-1000 nm. The measurements under 
cloudy conditions were between 14.00 and 15.00 h on August 27; and under sunny conditions were on September 2 
between 11.00 and 12.00 h and were repeated between 13.00 and 14.00 h. **, ***, significant at P = 0.01 and 0.001, 
respectively. 
Table 3. Flavonoid and chlorogenic acid concentrations (mg g dw) and % of blush at commercial harvest in 
'Jonagold' apple skin as affected by fruit position in the tree" 
Position 
on tree 
Top 
Inner 
Outer east 
Outer west 
F-test 
LSD0o5 
Percentege 
of blush 
38.0 
0.0 
14.2 
20.5 
*** 
7.8 
Cyanidin 
3-galactoside 
0.55 
0.02 
0.23 
0.25 
*** 
0.12 
Phloridzin 
1.2 
1.1 
1.2 
1.2 
NS 
-
Catechins 
3.0 
3.6 
3.7 
3.5 
NS 
-
Quercetin 
3-glycosides 
8.8 
2.5 
7.0 
6.8 
*** 
2.0 
Total 
flavonoids 
13.5 
7.2 
12.2 
11.8 
** 
2.6 
Chlorogenic 
acid 
0.17 
0.20 
0.20 
0.21 
NS 
-
" Catechins, the sum of catechin and epicatechin; quercetin 3-glycosides, the sum of quercetin 3-galactoside, 
quercetin 3-glucoside, quercetin 3-xyloside, quercetin 3-rhamnoside, quercetin 3-rhamnoglucoside, quercetin 3-
arabinoside; total flavonoids, the sum of cyanidin 3-galactoside, phloridzin, catechins and quercetin 3-glycosides. 
NS, not significant; **, ***, significant at level P = 0.01 and 0.001 respectively; (-), not calculated. 
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4. Discussion 
Canopy shading clearly decreased the concentration of cyanidin 3-galactoside and quercetin 
3-glycosides in 'Jonagold' apple skin. The concentrations of catechins, phloridzin and 
chlorogenic acid were, however, largely independent of light/canopy position (Table 3). Though 
the light dependence of anthocyanin formation is well known, that of quercetin 3-glycosides has 
not been reported before. Our data also conflict with the conclusion of Ju et al. (1999b) that the 
total concentration of flavonoids is not influenced by light quantity or canopy positions. They, 
however, only measured total flavonoids and did not discriminate between quercetin glycosides 
and other phenolic classes. Catechins, phloridzin and chlorogenic acid are part of the same 
biosynthesis pathway as quercetin 3-glycosides and cyanidin 3-galactoside (Lancaster, 1992) and 
one would expect competition for the same precursor molecules. However, accumulation of 
catechins, phloridzin and chlorogenic acid was apparently not affected by the synthesis of 
cyanidin 3-galactoside and quercetin 3-glycosides, even in fruit grown on the top of the tree 
where there is a substantial accumulation of both of these two compounds (Table 3). This 
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suggests that the biosynthesis of the catechins, phloridzin and chlorogenic acid on the one hand 
and quercetin glycosides and cyanidin 3-galactoside on the other, occur independently of each 
other. Perhaps synthesis of different flavonoid classes occurs in different cell types of the apple 
skin. The observation that in the reddest area of apple skin anthocyanin only accumulates in some 
cells may support this suggestion (Awad et al., 2000). Alternatively, different independently 
operating multi-enzyme complexes may channel substrate conversion towards either catechins, 
phloridzin and chlorogenic acid or quercetin 3-glycosides or cyanidin 3-galactoside (Burbulis and 
Shirley, 1999). 
The lower level of UV-A, blue, green and red light, the higher level of far-red light and the 
higher FR/R ratio in the interior of the canopy (Tables 1 and 2) may suppress the synthesis of 
both cyanidin 3-galactoside and quercetin 3-glycosides in the inner position (Table 3). Both 
quercetin glycoside and cyanidin 3-galactoside concentrations were related to light level; the 
regression lines (linear for cyanidin 3-galactoside, logarithmic for quercetin 3-glycosides, Figs, 
la and 2a) most likely passed through zero. This corresponds to the results of Ju et al. (1997) 
with bagged fruit, where there was no synthesis of anthocyanin and quercetin glycosides before 
bag removal. Furthermore, there appeared to be a requirement for a FR/R ratio of about 1 for 
significant cyanidin 3-galactoside and quercetin 3-glycosides formation (Figs, lb and 2b) which 
did not occur in the tree interior. The higher concentrations of quercetin glycosides, cyanidin 3-
galactoside, and percentage of blush in fruit from the top than in ones from the outside of the 
canopy (Table 3) might be due to a longer time of light exposure of fruit at the top than fruit at 
the outer positions. 
Light is considered one of the most important factors in the control of flavonoid synthesis 
acting upon a complex system involving several photoreceptors: UV, blue, phytochrome and the 
photosynthetic system (Tobin and Silverthorne, 1985; Arakawa, 1988a). Phytochrome activity is 
controlled by the FR/R ratio and is believed to regulate flavonoid gene expression in many plant 
systems (Mohr and Herrel, 1983; Tobin and Silverthorne, 1985). The differences in fruit maturity 
between fruit from the different canopy positions were generally slight and are unlikely to 
explain the stimulatory effects of light/canopy position on cyanidin 3-galactoside and especially 
on quercetin 3-glycosides formation (Awad et al., 2000; Ju, 1998). 
A large portion of the tree canopy received less than 20% of the available light. This means 
that even in trees trained as a slender spindle, further action is needed to increase light penetration 
within their canopy for increasing cyanidin 3-galactoside and quercetin 3-glycoside 
concentrations, leading to improved fruit colour and healthiness. Mutants with more blush, which 
are able to accumulate anthocyanin even in fruit at the inner canopy position, did not show higher 
quercetin 3-glycoside concentrations than their standard cultivars (Awad et al., 2000). Therefore, 
improving light conditions within the canopy, especially at the final stage of fruit development, 
by some cultural measure e.g. summer pruning, repositioning branches or covering the orchard 
floor with reflecting films, may improve both healthfulness and colour of the fruit. 
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Abstract 
The relationships between fruit N, P, K, Mg and Ca concentrations during the season 
and flavonoid and chlorogenic acid concentrations in skin of 'Elstar' apples at maturity have 
been studied during three seasons in a nutrition experiment (with the mutant 'Elshof), and in 
a separate experiment with standard 'Elstar' using within-tree variation in nutrient 
concentration due to fruit position in the tree. Negative correlations were frequently found 
between the concentration of N and Mg and the N/Ca ratio, and occasionally with that of K, in 
fruit during growth and at maturity, and anthocyanin and total flavonoids concentration at 
maturity. Calcium concentration showed occasionally positive correlations with anthocyanin 
and total flavonoids concentration. Chlorogenic acid concentration showed only in the second 
experiment a correlation with some of the studied nutrients (positive with P and Ca and 
negative with N, K, Mg and N/Ca). Regression models accounted for up to 40% and 30% of 
the variance in anthocyanin and total flavonoids concentration of 'Elshof mutant apples, and 
up to 70% and 65% of the variance in anthocyanin and total flavonoids concentration of 
standard 'Elstar' apples, respectively. The most important variable in predictive models for 
the anthocyanin and total flavonoids concentration was N concentration in the fruit. The 
results suggest that the concentration of flavonoids in fruit skin could be increased by 
optimising fertilization, especially that of N. 
1. Introduction 
Plant flavonoids constitute one of the largest group of naturally occurring phenolics, 
possessing ideal chemical structural as antioxidants, free radical scavengers and metal 
chelators (Rice-Evans et al., 1997). Hertog et al. (1993) estimated the daily Dutch intake of 
flavonols as 23 mg/day (expressed as aglycones). However, reliable quantitative data on the 
intake of other flavonoids such as anthocyanin, catechins, phloridzin and phenolic acids are 
not yet available. Apple fruits are rich in quercetin glycosides, catechin, epicatechin, 
procyanidins, dihydrochalcones (such as phloridzin) and in blushed cultivars in anthocyanin 
(such as cyanidin glycosides), all of which are concentrated mostly in the skin (Lancaster, 
1992; Awad et al., 2000). Hydroxy cinnamic acids, such as chlorogenic acid, which are also 
reported to have in-vitro antioxidant properties (Rice-Evans et al., 1997) are present 
predominantly in the flesh (Awad et al., 2000). 
Plant phenolics are considered as stress metabolites and can be induced by a wide range 
of environmental stimuli such as light, ozone, temperature, water stress and wounding (Tan, 
1980; Lancaster, 1992; Kangasjarvi et al., 1994; Matern and Grimmig, 1994; Estiarte et al., 
1994). A number of pre and post harvest studies have been mainly conducted to increase 
anthocyanin concentration because of its direct relation with fruit colour and marketability 
(Smock, 1966; Faust, 1973; Walter, 1967; Saure, 1990). Fruit nutrient composition has a 
strong association with general external and internal quality attributes of fruits such as colour, 
firmness, storability and disorder resistance (Bramlage, 1993; Johnson and Ridout, 1998). 
Walter (1967) concluded from his review that, in general, nitrogen has a negative effect on 
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apple fruit red colour. However, information on the effect of other nutrients on fruit colour is 
inconsistent and clear correlations with anthocyanin formation have not yet been established 
(Walter, 1967; Saure, 1990). Nitrogen, potassium and phosphorus deficiency has been 
reported to increase anthocyanin formation in maize (Lawanson et al., 1972) and in 
buckwheat seedlings (Krause and Reznik, 1976). In tomato plants N deficiency increased the 
level of anthocyanin of leaves 2-3-fold and that of total flavonoids by 14% (Bongue-
Bartelsman and Phillips, 1995). Patil and Alva (1999) reported that in grapefruit, the levels of 
the flavonoids naringin and rutinoside and the levels of total vitamin C (ascorbic acid plus 
dehydroascorbic acid) decreased in the fruit with increased N application levels. In apple 
shoot cultures Lux-Endrich et al. (2000) found that, increasing the sucrose content and 
reducing the macronutrient content of the culture media, resulted in a higher accumulation of 
phenolic acids, quercetin glycosides, catechins and procyanidins of the tissues. 
There appears to be, however, no published work on the effect of nutrients on 
flavonoids and chlorogenic acid concentration in apples. Therefore, we report here on the 
relations between fruit nutrient concentration during growth and the concentration of several 
flavonoid classes and chlorogenic acid of 'Elstar' apple skin at commercial harvest. 
Possibilities for optimising the level of flavonoids in apples via nutrient fertilization are 
discussed. 
2. Materials and methods 
2.1. Experimental 
Expt. 1. 
Trees of 'Elstar' apple ('Elshof mutant) were planted in 1993 at the experimental 
orchards in Wilhelminadorp to study the relationship between fruit and leaf nutrient 
concentration of N, P, K, Mg and Ca and post-harvest quality development. Fruit samples 
were taken in the 1996, 1997 and 1998 seasons to study the effect of these nutrients on the 
concentrations of flavonoids and chlorogenic acid in fruit skin. Trees were planted in a single 
row system at a density of 6000/ha and trained as slender spindles. To increase the range of 
nutrient concentrations, half of the rows were planted in former grass strips and the other half 
in former grass-free strips. Half of the trees were grown directly on M.9 rootstock and half 
with interstock 'Dubbele Zoete Aagt', both types being evenly distributed over replications. 
'Golden Delicious' trees were planted as pollinizer at a 1:10 ratio. Treatments were 5 
nutrients (N, P, K, Mg and Ca) each at 5 levels (see table 1) with 4 replicates (11 trees for 
each) in a randomised complete block design. For each treatment two replications were 
allotted at random to former grass strips and two to former bare strips. For each 
treatment/block, one nutrient was given at different levels, while the remaining four nutrient 
fertilizers were administered at normal level (level 2). Nitrogen was applied to the soil in two 
doses (April and June) as NH4NO3 mixed with CaCCb (a commercial product containing 26% 
N). Potassium was applied once to the soil in March as K2SO4 (42% K). Phosphor (Ca 
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(H2P04)2) (25% P), calcium (CaCl2) (29% Ca) and magnesium (Mg2S04) (10% Mg) were 
applied as foliar sprays in 0.1% 'Citowett' (BASF) wetting agent using a portable high 
pressure sprayer. Trees were sprayed until run-off at two weeks intervals starting from full 
bloom until one week before commercial harvest. Fruit samples (25 fruits of each) were 
randomly collected from the tree periphery at monthly interval from June to August and at 
commercial harvest for N, P, K, Mg and Ca analysis. At the same date leaf samples were 
randomly taken from the extension shoots (two full grown leaves per tree). At commercial 
harvest (17, 8 and 2 September for the season 1996, 1997 and 1998, respectively) samples of 
15 fruits of each replicate were randomly taken from the tree periphery for flavonoids and 
chlorogenic acid analysis. In 1996 and 1998, 30 objects out of 100 and in 1997, 60 objects 
were sampled representing a wide range of nutrient concentrations. 
Table 1. Levels of applied fertilizer (Kg/ha) for 'Elstar' apple trees ('Elshof mutant), either broadcast to the soil 
(br) or sprayed on tree (sp) 
Application level 
0 1 2 3 4 
Type of fertilizer 
N(br) 
P(sp) 
K(br) 
Mg (sp) 
Ca (sp) 
0 
0 
0 
0 
0 
35 
1.15 
25 
2.5 
2.75 
70 
2.3 
50 
5.0 
5.5 
140 
4.6 
100 
10.0 
11 
210 
101* 
150 
20.0 
16.5 
* Applied broadcast as triple super-phosphate. 
Data of daily mean temperature and precipitation were obtained from a weather station 
located in the same orchard where the experiment was performed. In August, during the later 
stages in fruit development, the mean temperature was 18°C, 21.5°C and 18°C for the seasons 
1996, 1997 and 1998, respectively, whereas the precipitation was 65, 34 and 65 mm, 
respectively, showing that this month in 1997 was exceptionally warm and dry. 
Expt. 2. 
Within-tree and between-orchards variations in flavonoids and chlorogenic acid 
concentration of standard 'Elstar' apples have been reported elsewhere (Awad et al., 2000). 
Using the same fruit samples in 1996, we determined the relationships between concentration 
of N, P, K, Mg and Ca in the fruit at commercial maturity and the concentration of flavonoids 
and chlorogenic acid in fruit skin with simple and multiple regression analyses. 
2.2. Nutrient analysis of fruits and leaves 
For each fruit sample, one sector (free of seeds and stalks) of about 30 g fresh weight 
was taken from each fruit. For the fruitlets sampled in June the whole fruitlet was used after 
removing seeds and stalk. Fruit and leaf samples were dried at 70°C, ground, and analysed by 
standard methods. After digestion in H2S04i the concentrations of N and P were determined 
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colorimetrically by an autoanalyzer (ALPKEM, RFA-300). The concentration of K, Mg and 
Ca was measured by atomic absorption spectrophotometry (PERKIN-ELMER, 2380). The 
concentrations of all nutrients were expressed as mg/lOOg fresh weight (FW). 
2.3. Determination offlavonoids and chlorogenic acid in fruit skin 
Blush percentage of harvested fruits were measured, the fruit peeled, and the combined 
peel of each sample immediately frozen in liquid N and then vacuum dried. The freeze-dried 
peel was ground and sieved to separate the skin from adhering fleshy parts and kept at -20 °C 
for flavonoids and chlorogenic acid extraction. The extraction and the RP-HPLC 
quantification of flavonoids and chlorogenic acid were done as previously described by Awad 
et al. (2000) with some modifications (Awad et al., 2001b). 
2.4. Estimation of blush percentage 
At commercial harvest fruit samples from both Expt. 1 and 2 were used to estimate the 
percentage of blushed area of each individual fruit of each sample by the colour measuring 
vision system 'Keurmeester' (AWETA Fruit Grading Company, Nootdorp, The Netherlands) 
adjusted to a specific setting for 'Elstar' apples. 
2.5. Statistical analysis of data 
Data were subjected to simple and multiple linear regression analyses or to analysis of 
variance (ANOVA) and the means were separated by F-test or the least significant difference 
(LSD) test using the statistical package Genstat 5, release 4.1 (Rothamstead, UK). 
3. Results 
In experiment 1, increasing the amounts of N and Ca fertilizers increased the 
concentrations of each nutrient in fruit (Table 2a). Increasing N fertilization decreased the 
concentration of P and Ca in fruits. Increasing the amount of N fertilizer also caused a 
significant increase in the N/Ca ratio (5.9, 7.8 and 10.8 at rates of 0, 2, and 4 of N fertilizer, 
respectively; P< 0.05) in fruits. Increasing the amount of Ca fertilizer decreased the N/Ca 
ratio (8.8, 7.5 and 7.2 at rates 0, 2 and 4 of Ca fertilizer, respectively; P< 0.05) in fruits. 
Application of P, K and Mg had no clear effect on their respective concentration in fruits. In 
leaves, the concentration of N, P, K, Mg and Ca were generally increased by the applications 
of the respective fertilizers (data not shown). 
The concentrations of cyanidin 3-galactoside (anthocyanin), catechins and total 
flavonoids (Table 2b) and % of blush (Table 2c) were generally decreased by increasing the 
amount of N fertilizer. Phloridzin concentration responded positively to Mg fertilizer. 
Catechins concentration increased by increasing the amount of P and decreased by increasing 
the amount of Ca fertilizer. 
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A simple regression analysis was performed to calculate the correlation among the 
concentration of different flavonoid classes and fruit nutrient concentrations in 'Elshof 
mutant and in standard 'Elstar' apples (Table 3). For 'Elshof the concentrations of N and Mg 
and the N/Ca ratio in fruit of both early (June) and late (September) analysis were negatively 
correlated with cyanidin 3-galactoside (anthocyanin) and total flavonoids concentration of 
fruit skin at commercial harvest in the three seasons 1996, 1997 and 1998 (r of 0.18 to 0.84), 
except for some of the data on Mg in 1997. In 1997, P and K showed negative, though rather 
poor, correlations with cyanidin3-galactoside and total flavonoids concentration, especially in 
the September analysis. The concentration of Ca was not related to the concentration of 
anthocyanin and total flavonoids in the three seasons. Similar results were also observed for 
the relations between fruit nutrient in the July and August analyses and the concentration of 
anthocyanin and total flavonoids in fruit skin at commercial harvest (data not shown). 
Chlorogenic acid concentration was not related to any of the studied nutrients in this 
experiment (data not shown). Leaf mineral concentrations were, generally, much less related 
to the concentration of flavonoid compounds in fruit than fruit mineral concentrations (data 
not shown). 
For standard 'Elstar' the concentrations of N and K and the N/Ca ratio in fruit at 
commercial harvest were negatively and of Ca was positively correlated with cyanidin 3-
galactoside and total flavonoids concentration in fruit skin (Table 3). Magnesium 
concentration was negatively correlated with cyanidin 3-galactoside concentration, but not 
with total flavonoids. The concentration of P was not related to cyanidin 3-galactoside and 
total flavonoids concentration in fruit skin. Chlorogenic acid concentration was negatively 
correlated with the concentration of N, K and Mg and N/Ca ratio, and positively correlated 
with P and Ca concentration in fruit (r of 0.33 to 0.42). 
Table 4 presents selected multiple regression models for the relation between cyanidin 
3-galactoside and total flavonoids concentrations in fruit skin at commercial harvest and the 
nutrient concentration in fruit at an early stage of development (June) and at commercial 
harvest (September). For 'Elshof mutant, fruit N concentration was particularly important for 
predicting the concentration of cyanidin 3-galactoside and total flavonoids. In 1996 fruit N 
concentration in June and September accounted for 46% and 41% of the variation in cyanidin 
3-galactoside, respectively. Fruit N concentration in June accounted for 27% and the N/Ca 
ratio in September accounted for 23% of the variation in total flavonoids. In 1998 fruit N 
concentration in June and September accounted for 70% and 41% of the variation in cyanidin 
3-galactoside, respectively and for 53% and 25% for total flavonoids, respectively. However, 
in 1997 the relations between nutrients and flavonoids were very poor especially between the 
June nutrient concentrations and flavonoid concentrations at commercial harvest. In general, 
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cultures higher quercetin glycosides, catechins and procyanidins accumulation by reducing 
the macronutrient content of the culture media in general. Similarly, ciders obtained from 
'Dabinett' apple trees that received NPK fertilizer were less bitter and astringent than those 
from control tress, which was related to an overall decrease of 17% in fruit phenolic 
concentration (Lea and Beech, 1978). Our results also agree with those of Patil and Alva 
(1999) who found in grapefruit that naringin levels and the levels of total vitamin C in fruit 
decreased with increased nitrogen application rate in the orchard. Several authors observed 
that nutritional stresses e.g. N, P, Mn and B deficiency increased flavonoid content in a wide 
variety of plants (Zornoza and Esteban, 1984; Bongue-Bartelsman and Phillips, 1995; Estiarte 
et al. 1994). A positive effect of calcium spray on apple phenolics has been observed by 
Sannomaru et al. (1998), who found that epicatechin, chlorogenic acid and total polyphenols 
contents of 'Starking' apples were higher in Ca treated than in untreated fruit. Raese and 
Staiff (1990) reported that soil-applied calcium nitrate was associated with higher 
concentration of fruit Ca, lower N/Ca ratio, more red colour and lower incidence of disorders 
in 'Delicious' apples as compared to control. 
Regression models combining up to two variables accounted for up to 40% and 30% of 
the variance of anthocyanin and total flavonoids concentration in 'Elshof mutant apples, 
respectively and up to 70% and 65% of the variance of anthocyanin and total flavonoids 
concentration in standard 'Elstar' apples, respectively (Table 4). The most important variable 
that showed repeatedly significant contribution to the predictive models of anthocyanin and 
total flavonoids concentration was N concentration in the fruit. Due to the high level of inter-
correlation between the different explanatory variables, addition of more variables did not 
further improve the models (data not shown). 
The mode of action of different nutrients on phenolics formation in plant tissues is still a 
matter of speculation, though less for N. According to the generally accepted concept of 
competition between phenolics and proteins for their common precursor, L-phenylalanine, 
nitrogen may inhibit flavonoid synthesis via enhancing the channeling of L-phenylalanine 
towards proteins (Faust, 1965a; Phillips and Henshaw, 1977; Margna et al., 1989). 
Alternatively, N might negatively influence the enzyme system involved in the biosynthesis 
of phenolics (Krause and Reznik, 1976; Tan, 1980). Furthermore, there are some indications 
that N might influence flavonoid synthesis at the gene level. Bongue-Bartelsman and Phillips 
(1995) found that N deficiency increased flavonoid in tomato leaves and produced changes in 
the steady-state mRNA levels of chalcone synthase, chalcone isomerase and dihydroflavonol-
4-reductase enzymes. We generally found that fruit maturity characteristics were only slightly 
influenced by nutrient fertilizers (data not shown). Thus, the effects of nutrients on flavonoid 
concentrations cannot be explained by any influences on fruit ripening. 
The relationships between nutrition and chlorogenic acid concentration in apples are not 
consistent and further study is required. For standard 'Elstar' apples the concentration of 
chlorogenic acid was negatively related to the concentration of N, K and Mg and the N/Ca 
ratio but positively related to both P and Ca. For 'Elshof mutant, on the contrary, we found 
that chlorogenic acid was not related to the studied nutrients. The same confusion exists in 
literature. Lux-Endrich et al. (2000) found in apple shoot culture more accumulation of 
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chlorogenic acid and other hydroxy cinnamic acids by reducing the macronutrient content of 
the culture media in general, whereas Krause and Reznik (1976) found that varying P and N 
concentration in buckwheat seedlings did not influence chlorogenic acid concentration, in 
contrast to flavonoids. In conclusion, our results show evidence that, in addition to improving 
light conditions, the concentration of flavonoids and chlorogenic acid in fruit skin could be 
further increased by optimising fertilization especially that of N. 
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Abstract 
The effects of crop load on the concentrations of flavonoid and chlorogenic acid in skin 
and on quality characteristics of mature apple fruit has been studied. Three crop load levels of 
about 50, 100 and 200 fruits/tree (about 35, 60 and 100 t/ha) representing low, moderate and 
high loads, respectively, were established on 'Jonagold' apple tress by fruit thinning 8 weeks 
after full bloom (FB). Also three crop load levels of about 60, 100 and 140 fruits/tree (about 
35, 50 and 70 t/ha), representing low, moderate and high loads, respectively, were established 
by thinning 'Red Elstar' apple trees at: FB, and 4 and 8 weeks after FB. Similar results were 
found for both cultivars. At a low crop load, fruit weight, soluble solids, acidity and firmness 
were significantly higher than at high and moderate loads. However, the concentrations of 
flavonoid and chlorogenic acid were not affected by crop load. For 'Red Elstar', the time of 
thinning did not affect the concentrations of flavonoid and chlorogenic acid in fruit skin or 
fruit weight, soluble solids, acidity and firmness. Removal of only the interior fruits (about 
one-third of total fruit) at about 4 weeks before expected commercial harvest did not influence 
the concentrations of flavonoid and chlorogenic acid or quality of the remaining exterior fruits 
of either 'Jonagold' or 'Elstar'. The results indicate that, assimilate availability is not a major 
regulatory factor in flavonoids and chlorogenic acid formation in apples. 
1. Introduction 
Phenolic compounds occur naturally in a large number of edible plants. Flavonoids, one 
of the most important phenolic classes, are common constituents of the human diet and 
contribute largely to the antioxidant potential of the diet. Tea, onions and apples are 
considered the most important sources of Dutch dietary flavonols (Hertog et al., 1993). Apple 
fruits are rich in flavonoids (e.g. flavonols, catechins, phloridzin and anthocyanins) and 
contain considerable amounts of hydroxycinnamic acid derivatives, mainly represented by 
chlorogenic acid (Lancaster, 1992; Nicolas et al., 1994; Awad et al., 2000). Flavonoids are a 
product of a combination of precursors of two independent pathways, the shikimate pathway 
(yielding phenylalanine) and the acetate-malonate pathway (yielding malonyl-CoA) via 
several enzymatic steps (Stafford, 1990). Generally these compounds are present in plant 
tissues as glycosides, except flavan-3-ols (catechins) which are found in free rather than in 
glycosylated forms. 
A treatment that causes a change in the availability of the flavonoid precursors, shikimic 
acid, acetate and sugar, might also induce subsequent changes in the synthesis of flavonoids. 
Exogenous sucrose, galactose and glucose promoted anthocyanin synthesis in apple skin discs 
(Smock, 1969; Faust, 1965b; Vestrheim, 1970). A pre-harvest application of 0.25M of 
galactose or glucose on fruit trees enhanced anthocyanin formation in 'Fuji' apples (Bae and 
Lee, 1995). On the other hand, several studies did not show any relation between sugar 
content and anthocyanin formation in apples (Uota, 1952; Blankenship, 1987; Noro et al., 
1988). Lux-Endrich et al. (2000) reported that increasing the sucrose content and reducing the 
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macronutrient content of the culture media enhanced the accumulation of phenolic acids, 
quercetin glycosides, catechins and procyanidins in cultured apple shoots. 
Little research has been conducted to enhance the concentration of phenolics in field 
grown apples. Fruit thinning is a very important cultural practice that affects fruit 
development, the availability of assimilates, the sugars, acids and dry matter contents, and 
mineral composition of apples (Poll et al., 1996; Volz and Ferguson, 1999; Wertheim, 2000). 
To our knowledge, no literature is available about the influence of crop load on the 
concentration of flavonoids and chlorogenic acid in apple fruit, except for anthocyanins 
(Smock, 1969; Walter, 1967; Saure, 1990). In the present study, we hypothesised that under 
conditions of high carbohydrate availability, plants may increase the formation of their 
secondary metabolites, such as phenolic compounds, as a method for storing surplus fixed 
carbon. Crop load was manipulated by applying fruit or flower thinning at different stages of 
development and at different severities. The concentrations of several flavonoids and 
chlorogenic acid in apples were measured at harvest and fruit quality characteristics were 
recorded. 
2. Materials and methods 
2.1. Experimental 
Experiments were conducted in the 1997 and 1998 seasons using 'Elstar' and 
'Jonagold' apple trees. The trees were trained as slender spindle on M.9 rootstock and planted 
in a single row system with spacing of 3.0 x 1.25 m for standard 'Jonagold' and 'Elstar' and 
3.0 x 1.0 for 'Red Elstar' mutant in commercial orchards. 
In 1997, 12 'Jonagold' trees of 10-year-old were selected for uniformity. On June 30, 
after the natural drop had ceased, different levels of crop load of about 50, 100 and 200 
fruits/tree (about 35, 60 and 100 t/ha) were established by hand-thinning and are referred to as 
a low, moderate and high crop load, respectively. Thinning involved the removal of all but the 
king flower or fruit of each cluster. The experimental design was a randomised complete 
block design with 4 replicates of one tree each. At commercial harvest (Oct. 2), 15-fruit 
samples from the outer tree canopy were collected for measurements. 
In 1998, an experiment was conducted with 7-year-old trees of 'Red Elstar'. Thinning 
treatments were applied at: full bloom (FB), 4 and 8 weeks after FB. On each occasion, 
different levels of crop load of about 60, 100, and 140 fruits/tree (about 35, 50 and 70 t/ha) 
were established by hand-thinning and are referred to as a low, moderate and high crop load, 
respectively. An unthinned control (about 220 fruits/tree) was also included. Thinning 
involved the removal of all but the king flower or fruit of each cluster. The experimental 
design was a factorial randomised complete block design with 4 replicates of 3 trees each. At 
commercial harvest (Sept. 15) 15-fruit samples, from only 2 trees per replicate, were collected 
from the outer tree canopy for later analysis. 
An additional experiment with 'Elstar' and 'Jonagold' was conducted during the 1998 
season to study the effect of removing only the interior fruits (about one-third of total fruit) at 
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about 4 weeks before expected commercial harvest on the concentration of flavonoids and 
chlorogenic acid and on the quality characteristics of the remaining exterior fruits. For each 
cultivar, 12 uniform 11-year-old trees having a normal crop level were selected. The interior 
fruits of 6 randomly selected trees (replicates) were removed by hand and the remaining 6 
trees served as controls (without thinning). At commercial harvest (Sept. 8 and 29 for 'Elstar' 
and 'Jonagold', respectively) 15-fruit samples were collected from the outer tree canopy for 
later analysis. 
2.2. Determination of fruit quality characteristics 
At commercial harvest, weight (g/fruit), flesh firmness of the background side (kg, 
Instron, 11 mm probe, 8 mm depth in 2 seconds), soluble solids (% brix) and titratable acidity 
(% malic acid in juice) were measured (De Jager and Roelofs, 1996). Starch conversion stage 
was assessed after dipping a transverse fruit section into a solution of 1% (w/v) iodine and 4% 
(w/v) potassium iodide; the image was scored on a 1-10 scale (1 = completely black, 10 = 
completely white). The streif maturity index (firmness/(starch * % brix)) was also calculated 
(Streif, 1996). The percentage of blush in 'Red Elstar' apples was estimated in all fruits 
(including fruits from the inner and top positions of tree) picked from one tree per replicate by 
the colour measuring vision system 'Keurmeester' (AWETA Fruit Grading Company, 
Nootdorp, The Netherlands). Fruit diameter (mm) was also recorded by this machine. The 
background colour of the skin of each individual fruit of each sample was measured 
spectrometrically (Minolta CR 200) using the 'a-value' (ca -20 hard green and +5 yellow) in 
'Jonagold' and 'Red Elstar'. 
2.3. Determination of flavonoids and chlorogenic acid in fruit skin 
After measuring weight and colour, the fruits were peeled and the combined peel of 
each sample was immediately frozen in liquid nitrogen and vacuum dried. The freeze-dried 
peel was ground and sieved to separate the skin from adhering fleshy parts. The dry skin 
samples were then kept at -20 °C for later flavonoids and chlorogenic acid extraction. The 
extraction and the RP-HPLC quantification of flavonoids and chlorogenic acid were done as 
described by Awad et al. (2001b). 
2.4. Statistical analysis of data 
All data were statistically analysed by analysis of variance (ANOVA) and the means 
were separated by F-test or the least significant difference (LSD) at 5% level using the 
statistical package Genstat 5, release 4.1 (Rothamstead, UK). 
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3. Results 
At the same harvest date the concentrations of flavonoid and chlorogenic acid were not 
significantly different at different levels of crop load in 'Jonagold' apples (Table la). 
However, cyanidin 3-galactoside (anthocyanin) tended to increase and phloridzin, catechins, 
quercetin 3-glycoside and total flavonoids tended to decrease at a low crop load. 
Table la. Flavonoid and chlorogenic acid concentrations (mg g dw) in skin of 'Jonagold' apples as affected by 
crop load; season 1997" 
Crop load 
High 
Moderate 
Low 
F-test 
Cyanidin 3-
galactoside 
0.26 
0.22 
0.44 
NS 
Phloridzin 
1.04 
0.90 
0.80 
NS 
Catechins 
2.54 
2.36 
2.31 
NS 
Quercetin 3-
glycosides 
6.1 
5.1 
5.0 
NS 
Total 
flavonoids 
9.9 
8.5 
8.6 
NS 
Chlorogenic 
acid 
0.26 
0.23 
0.28 
NS 
a
 High, moderate and low crop loads were about 200, 100 and 50 fruits/tree, respectively. Catechins, the 
sum of catechin and epicatechin; quercetin 3-glycosides, the sum of quercetin 3-galactoside, quercetin 3-
glucoside, quercetin 3-xyloside, quercetin 3-rhamnoside, quercetin 3-rhamnoglucoside and quercetin 3-
arabinoside; total flavonoids, the sum of cyanidin 3-galactoside, phloridzin, catechins and quercetin 3-
glycosides. NS, not significant. 
Fruit weight, % of brix, acidity and firmness were higher at a low crop load than at high and 
moderate loads (Table lb). Fruit maturity, as characterised by both the streif and starch 
indexes, was not similar at different crop loads though there was a tendency to a higher streif 
index and a lower starch index at a low crop load. The ground colour of fruit ('a-value') was 
less green at a low crop load than at high and moderate loads. 
Table lb. Fruit quality characteristics of 'Jonagold' apples as affected by crop load; season 1997a 
Crop load 
High 
Moderate 
Low 
F-test 
Fruit weight 
(g) 
198.5a 
232.6b 
255.5c 
*## 
% Brix 
13.3a 
13.6a 
14.5b 
* 
Acidity 
% malic acid 
0.57a 
0.63b 
0.70c 
** 
Firmness 
(Kg/cm2) 
7.4a 
7.2b 
7.6c 
* 
a-value 
-14.7a 
-14.3a 
-10.8b 
** 
Streif 
index 
0.075 
0.087 
0.092 
NS 
Starch 
index 
7.6 
6.5 
5.8 
NS 
a
 A high, moderate and low crop load about 200, 100 and 50 fruits/tree, respectively. NS, not significant; 
*; * *; ***, significant a tP = 0.05, 0.01, 0.001, respectively. 
The concentrations of phloridzin and quercetin 3-glycosides were decreased by fruit thinning 
in 'Red Elstar' apples, while those of other flavonoid classes, total flavonoids and chlorogenic 
acid remained the same (Table 2a). Time or degree of thinning did not affect the 
concentrations of flavonoid and chlorogenic acid. At a low crop load, fruit weight, % of brix, 
acidity and firmness of 'Red Elstar' apples were higher and fruit size was larger than at 
moderate and high loads (Table 2b). The ground colour of fruit ('a-value') was less green and 
the % of blush was higher at a low crop load than at high and moderate loads. However, fruit 
maturity, as characterised by both the streif and starch indexes, was similar at the different 
crop levels or times of thinning. 
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Table 2a. Flavonoid and chlorogenic acid concentrations (mg g dw) in skin of 'Red Elstar' apples as affected by 
fruit thinning treatments; season 1998a 
Treatment 
Control 
Thinning 
F-test 
Time (T) 
FB 
4WAFB 
8WAFB 
F-test 
Crop Load (C) 
High 
Moderate 
Low 
F-test 
T x C 
Cyanidin 3-
galactoside 
0.71 
0.83 
NS 
0.77 
0.86 
0.85 
NS 
0.83 
0.81 
0.84 
NS 
NS 
Phloridzin 
1.14 
0.93 
** 
0.92 
1.00 
0.87 
NS 
0.97 
0.90 
0.92 
NS 
NS 
Catechins 
2.18 
2.25 
NS 
2.21 
2.25 
2.28 
NS 
2.16 
2.32 
2.28 
NS 
NS 
Quercetin 3-
glycosides 
5.1 
4.0 
** 
3.7 
4.4 
4.0 
NS 
4.2 
4.1 
3.8 
NS 
NS 
Total 
flavonoids 
9.2 
8.0 
NS 
7.6 
8.5 
8.0 
NS 
8.2 
8.1 
7.8 
NS 
NS 
Chlorogenic 
acid 
0.083 
0.082 
NS 
0.089 
0.079 
0.078 
NS 
0.079 
0.088 
0.079 
NS 
NS 
" FB, at full bloom; 4 and 8 WAFB, 4 and 8 weeks after full bloom, respectively. High, moderate and low 
crop loads were about 140, 100 and 60 fruits/tree, respectively. Catechins, the sum of catechin and epicatechin; 
quercetin 3-glycosides, the sum of quercetin 3-galactoside, quercetin 3-glucoside, quercetin 3-xyloside, quercetin 
3-rhamnoside, quercetin 3-rhamnoglucoside and quercetin 3-arabinoside; total flavonoids, the sum of cyanidin 3-
galactoside, phloridzin, catechins and quercetin 3- glycosides. NS, not significant; * *, significant a tP = 0.01. 
Table 2b. Fruit quality characteristics of 'Red Elstar' apples as affected by fruit thinning treatments; season 
1998" 
Treatment 
Control 
Thinning 
F-test 
Time (T) 
FB 
4 WAFB 
8 WAFB 
F-test 
Crop Load (C) 
High 
Moderate 
Low 
F-test 
T x C 
Fruit 
weight 
(g) 
112.4 
155.2 
*** 
151.2 
161.4 
153.1 
NS 
149.5a 
153.1a 
163.0b 
** 
NS 
Fruit 
size 
(mm) 
70.4 
75.5 
*** 
76.7 
74.7 
75.0 
NS 
73.5a 
75.1a 
77.8b 
** 
NS 
% Brix 
12.8 
13.7 
*** 
13.7 
13.9 
13.6 
NS 
13.5a 
13.6a 
14.2b 
** 
** 
Acidity 
% malic 
acid 
0.76 
0.93 
**# 
0.94 
0.93 
0.92 
NS 
0.91a 
0.92a 
0.97b 
*** 
**# 
Firmness 
(Kg/cm2) 
6.4 
6.9 
*** 
6.9 
6.8 
6.8 
NS 
6.8a 
6.8a 
7.0b 
** 
NS 
a-value 
-15.7 
-12.5 
** 
-12.8 
-12.1 
-12.7 
NS 
-13.1a 
-13.5a 
-11.0b 
** 
NS 
% Blush 
37.3 
43.1 
NS 
39.7 
44.5 
45.1 
NS 
36.4a 
39.6a 
53.3b 
*** 
** 
Streif-
index 
0.18 
0.17 
NS 
0.17 
0.15 
0.17 
NS 
0.18 
0.16 
0.16 
NS 
NS 
Starch-
index 
2.9 
3.2 
NS 
3.1 
3.4 
3.1 
NS 
3.0 
3.3 
3.3 
NS 
NS 
° FB, at full bloom; 4 and 8 WAFB, 4 and 8 weeks after full bloom, respectively. High, moderate and low 
crop loads were about 140, 100 and 60 fruits/tree, respectively. NS, not significant; ** and *** significant at P 
= O.Oland 0.001, respectively. Within each column, values with the same letters are not significant. 
Removal of only the interior fruits at about 4 weeks before commercial maturity had no 
influence on the concentrations of flavonoid and chlorogenic acid of the remaining exterior 
fruits of either 'Elstar' or ' Jonagold' apples (Table 3a). Also, % of brix, acidity and firmness 
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of fruit were not influenced by this treatment in either cultivar (Table 3b). However, this 
treatment retarded fruit maturity as measured by the streif and starch indexes in 'Elstar' but 
not in 'Jonagold' apples. 
Table 3a. Flavonoid and chlorogenic acid concentrations (mg g dw) in skin of 'Elstar' and 'Jonagold' apples as 
affected by late removal of the interior fruits; season 1998* 
Elstar 
Control 
Treatment 
F-test 
Jonagold 
Control 
Treatment 
F-test 
Cyanidin 3-
galactoside 
0.35 
0.35 
NS 
0.63 
0.60 
NS 
Phloridzin 
0.87 
0.88 
NS 
0.95 
1.02 
NS 
Catechins 
2.42 
2.37 
NS 
2.54 
2.47 
NS 
Quercetin 3-
glycosides 
3.9 
3.8 
NS 
6.7 
6.0 
NS 
Total 
flavonoids 
7.5 
7.4 
NS 
10.8 
10.1 
NS 
Chlorogenic 
acid 
0.055 
0.045 
NS 
0.27 
0.23 
NS 
a
 Catechins, the sum of catechin and epicatechin; quercetin 3-glycosides, the sum of quercetin 3-
galactoside, quercetin 3-glucoside, quercetin 3-xyloside, quercetin 3-rhamnoside, quercetin 3-rhamnoglucoside 
and quercetin 3-arabinoside; total flavonoids, the sum of cyanidin 3-galactoside, phloridzin, catechins and 
quercetin 3- glycosides. NS, not significant. 
Table 3b. Fruit quality characteristics of 'Elstar' and 'Jonagold' apples as affected by late removal of the interior 
fruits; season 1998a 
% Brix Acidity Firmness Streif index Starch index 
% malic acid (Kg/cm ) 
Elstar 
Control 
Treatment 
F-test 
Jonagold 
Control 
Treatment 
F-test 
"NS, 
12.6 
12.5 
NS 
14.4 
14.3 
NS 
not significant; 
4. Discussion 
0.88 
0.89 
NS 
0.66 
0.64 
NS 
* *, significant 
6.9 
7.1 
NS 
7.5 
7.4 
NS 
a t P = 0.01. 
0.37 
0.43 
** 
0.081 
0.082 
NS 
1.8 
1.3 
** 
6.9 
6.6 
NS 
Our results clearly show that, under normal field conditions, crop load had little or no 
effect on flavonoids and chlorogenic acid concentration in apples despite the larger pools of 
sugars and acids that were established at a low crop load (Tables lb and 2b). It was expected 
that enhancing the availability of assimilates would favour the formation of the secondary 
metabolites flavonoids and chlorogenic acid. Poll et al. (1996) found that in 'Jonagored' 
apples grown in pots, at a low fruit/ leaf ratio, there were higher concentrations of total dry 
matter, soluble solids and acids, greater firmness and higher production of fatty acids and 
aroma compounds than at a higher fruit/leaf ratio. They suggested that the greater availability 
of assimilates relieved internal competition at a low fruit/leaf ratio, which increased formation 
of aroma compounds in the fruit. In apple shoot cultures Lux-Endrich et al. (2000) found that 
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increasing the sucrose content and reducing the macronutrient content of the culture media 
resulted in more accumulation of phenolic acids, quercetin glycosides, catechins and 
procyanidins. However, osmotic stress might also stimulate phenolic formation in the shoots 
by increasing the sucrose content of the culture media (D. Treutter, personal communication). 
The different secondary metabolites may also internally compete for assimilates. Miller et al. 
(1996) observed in 'Red Delicious' apples that the effect of canopy position on acetate esters 
production (important aroma compounds of apples) was generally opposite to that of 
anthocyanin, suggesting a direct competition between the formation of aroma esters and 
anthocyanin through the common precursor, acetate. 
The lack of influence of crop load on flavonoid formation could be explained by the fact 
that even at high crop load (low free assimilate level) carbon supply is not a limiting 
regulatory factor for secondary metabolite synthesis; a further increase in metabolite level 
does not take place. This does not correspond to results with pot-grown apples (Poll et al., 
1996) or in-vitro grown shoots (Lux-Endrich et al., 2000). 
Lakso et al. (1998) compared the seasonal supply/demand of apple fruit and concluded 
that during the season two periods of potential carbon limitation for fruit growth occur: about 
2-4 weeks after bloom and in the last weeks before harvest. However, Awad et al. (2001b) 
found that, generally, the total amount of flavonoids rapidly increase after bloom in fruitlets 
while anthocyanin only accumulates during the first month after bloom and during 
maturation. Moreover, it has been reported that summer pruning increases average irradiance 
within the canopy, increases anthocyanin formation but reduces assimilate supply and sugar 
level in fruit (Saure, 1987). 
The lack of influence of removing interior fruits one month before harvest on both 
flavonoid and chlorogenic acid concentration and ripening characteristics of the remaining 
exterior fruits (Tables 3a and b) are partly in agreement with those of Youljae and Hanchan 
(1999). They found in 'Fuji' apples that, manipulating fruit/leaf ratio by artificial defoliation 
at 20, 30 or 40 days before harvest did not affect soluble solids, acidity and firmness of the 
fruits. However they found that, at the different defoliation times, anthocyanin contents of 
fruit skin significantly increased as the extent of defoliation increased due to increased light 
intensity around the fruits. 
The general conclusion to be drawn from these results is that under normal field 
conditions sufficient numbers of well exposed leaves per fruit may promote primarily fruit 
characteristics such as weight, size, the content of sugar and acid, whereas flavonoid 
formation, especially that of anthocyanin, may be primarily a direct effect of light that 
actually strikes the fruit as suggested by Heinecke (1966). 
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Abstract 
Apple fruits are important dietary sources of potentially healthy phenolics. In two 
successive seasons, changes in the concentration and amount of individual flavonoids and 
chlorogenic acid during development and ripening were investigated by reversed-phase high 
performance liquid chromatography (RP-HPLC), in 'Elstar' and 'Jonagold' apples from the 
outside and the inside of the tree canopy. 'Jonagold' had a higher concentration and amount 
of flavonoids and chlorogenic acid than 'Elstar' during fruit development and ripening. In 
both cultivars, the concentration on a dry weight basis of quercetin glycosides, phloridzin and 
chlorogenic acid was highest early in the season but decreased at different rates during fruit 
development to reach a steady level during maturation and ripening. Catechins (catechin plus 
epicatechin) concentration showed a similar pattern, but a temporary increase was observed in 
an early stage of development. The concentration of cyanidin 3-galactoside (anthocyanin) was 
relatively high early in the season, gradually decreased to a very low steady level during 
growth, but started to increase near maturation, especially in the outer fruit. On a fruit basis 
the amount of quercetin glycosides increased during development and was about two times 
higher in 'Jonagold' compared to 'Elstar', both in outer and inner fruit. These compounds 
were the most abundant flavonoids in the skin of both cultivars and their accumulation 
showed a strong dependency on fruit position on tree. In contrast, the amount of the second 
most abundant flavonoid type, catechins, increased during development to a maximum and 
then showed some decrease by mid season which was independent of fruit position on tree. 
The amount of phloridzin increased only early in the season reaching a steady level during 
development and ripening, and was independent of fruit position on tree. The amount of 
chlorogenic acid in both cultivars initially increased, but subsequently decreased to reach a 
low, steady level and was slightly higher in outer than in inner fruit. Although anthocyanin 
concentration was relatively high at early stages of development, significant accumulation on 
a fruit basis only occurred during maturation and ripening. The accumulation of anthocyanin, 
similar to that of quercetin glycosides, showed a strong dependency on fruit position on tree. 
Remarkably, the difference in accumulation of anthocyanin and quercetin glycosides in outer 
and in inner fruits had no effect on the accumulation of catechins, phloridzin and chlorogenic 
acid in these fruits. The results indicate that, in general, the overall production of total 
flavonoids and chlorogenic acid in apple skin is completed during fruit development before 
the onset of maturation. 
1. Introduction 
A protective role against diseases from fruit and vegetable consumption is generally 
attributed to their vitamins C and E, flavonoids, carotenoids, lycopene, selenium and dietary 
fiber constituents (Steinmetz and Potter, 1996). Flavonoids and phenolic acids show a 
powerful antioxidant capacity both in in vitro and in vivo systems (Formica and Regelson, 
1995; Cook and Samman, 1996; Rice-Evans et al., 1997; Yamasaki et al., 1997). Many 
dietary phenolic compounds derived from plants have a stronger in vitro antioxidant activity 
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r 
Cyanidin 3-glycosides 
Fig. 1. Putative biosynthetic route of chlorogenic acid, phloridzin, quercetin glycosides, catechins and cyanidin 
glycosides in apple skin as proposed by Lancaster (1992) with some modifications. PAL, phenylalanine 
ammonia-lyase; C4H, cinnamate hydroxylase; 4CL, 4-coumarate CoA ligase; CHS, chalcone synthase; CHI, 
chalcone flavanone isomerase; F3H, flavanone-3-hydroxylase; FS, flavonol synthase; DFR, dihydroflavonol-4-
reductase; FR, flavan-3-, 4-cis-diol 4-reductase; ANS, anthocyanidin synthase; 3GT, cyanidin/flavonol 3-0-
glucosyl transferase. The highlighted compounds are those measured here. 
on a molar basis than the classic antioxidant vitamins such as vitamins C and E (Rice-Evans 
et al., 1997). Flavonoids and phenolic acids are also involved in the quality characteristics of 
fresh fruits and its processed products, like texture, colour and taste e.g bitterness and 
astringency (Lidster et al., 1986; Lea and Timberlake, 1974; Lancaster, 1992). Apple fruits, 
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especially the skin, are rich in flavonoids (e.g. flavonols, catechins, phloridzin and 
anthocyanins) and contain considerable amounts of hydroxycinnamic acid derivatives, mainly 
represented by chlorogenic acid (Lancaster, 1992; Nicolas et al., 1994; Awad et al., 2000). 
Figure 1 shows a diagrammatic representation of the biosynthesis pathway of the phenolic 
compounds that were measured in this study. The deamination of [.-phenylalanine to trans-
cinnamic acid by the enzyme phenylalanine ammonia-lyase (PAL) is the initial step in the 
biosynthesis of hydroxycinnamic acids, flavonoids and other phenylpropanoid polyphenols 
(Margna, 1977; Jones, 1984). Phenylpropanoids are a product of a combination of precursors 
from both the shikimate (phenylalanine) and the acetate-malonate (malonyl-CoA) pathways 
via several enzymatic steps (Stafford, 1990). 
Relatively little is known about accumulation of flavonoids and hydroxycinnamic acids 
derivatives in apple skin. The role of environmental and developmental factors in the 
regulation of accumulation of flavonoids other than anthocyanin is poorly documented. 
Generally, the concentration of anthocyanin shows two peaks: the first occurs in young 
fruitlets during cell division and the second one in fully developed apples during maturity 
(Saure, 1990). Lister et al. (1994) reported that the concentration on a fresh weight basis of 
quercetin glycosides and proanthocyanidins in the skin of 'Splendour' apples decreased by 
50% from early to mid season followed by an increase during ripening. In contrast, Mayr et 
al. (1995) observed that on a dry weight basis phenolics in the skin and the leaves of 'Golden 
Delicious' apples decreased during growth without further increase during maturation and 
ripening, but the individual compounds did not behave uniformly. 
Although there are some reports on the developmental changes in the concentration of 
flavonoids and phenolic acids in apples, a mass balance would provide more information. It 
would enable the identification of periods of net synthesis and/or breakdown, and also give 
information on the relation between the different flavonoids in the same biosynthetic route. In 
this paper, we report the changes that take place in the concentration and the amount of 
individual flavonoids and chlorogenic acid in the skin of the two main apple cultivars grown 
in the Netherlands, Elstar and Jonagold, during their development and ripening. 
2. Materials and methods 
2.1. Plant material 
In 1997 and 1998, samples of 15-25 fruits each from 'Elstar' and 'Jonagold' (planted in 
a single row system with spacing of 3.0 x 1.0 and raised as slender spindle on M.9 rootstock) 
were collected from a commercial orchard at several dates throughout the season starting at 3 
weeks after full bloom, from both the outer and the inner side of the tree canopy. At each date 
of sampling, different trees within the same rows in the orchard were used to avoid a thinning 
effect due to repeated sampling. 
In 1997, one sample for each cultivar was picked on 29 May, 12 and 26 June, 10 and 24 
July, 7 and 21 August, 4, 11 and 18 September. Extra samples for 'Jonagold' were taken at 25 
September and 2, 9 and 23 October. 
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In 1998, two samples (replicates) for each cultivar were picked on each date. 'Jonagold' 
samples were collected on 26 May, 8 and 23 June, 7 and 21 July, 4 and 18 August, 1, 15, 23 
and 29 September, 6, 13, 20 and 27 October and 3 November. 'Elstar' samples were picked 
on 26 May, 8 and 23 June, 7 and 21 July, 4, 18 and 25 August, 1, 8, 15, 23 and 29 September 
and 6 and 13 October. In 1998, additional samples of 'Elstar', only from the outside of the 
tree canopy, were collected from another orchard at the same dates as for the previous 
orchard. 
Immediately after picking, the fruits were peeled, and the combined peel of each sample 
was immediately frozen in liquid nitrogen and then vacuum dried. The freeze-dried peel was 
ground and sieved to separate the skin from adhering fleshy parts. The dry skin samples were 
weighed and then kept at -20 °C for later flavonoids and chlorogenic acid analysis. The total 
amount (mg per apple) of individual phenolic compounds were calculated from the measured 
concentration and the weight of the dry skin. 
2.2. Determination of fruit maturity indices 
A few weeks before commercial maturity, additional samples of 15 fruits were collected 
at each week to measure fruit maturity indices as firmness (kg, Instron, 11 mm probe, 8 mm 
depth in 2 s), soluble solids (% brix), titratable acidity (% malic acid in juice) and starch 
conversion stage by the starch iodine test (scale 1-10) using the standard protocol. The streif 
maturity index (firmness/(starch x TSS)) was also calculated (Streif, 1996). 
2.3. Determination of flavonoids and chlorogenic acid in apple skin 
The extraction and the RP-HPLC quantification of flavonoids and chlorogenic acid 
were done as previously described by Awad et al. (2000) with some modifications. Samples 
(20 (al) were injected onto the RP-18 column (Hypersil, C18 (ODS), 5 |am, 250 mm x 4.6 mm) 
which was fitted with a direct connect prefillable guard column (Alltech) and was maintained 
at 30 °C using a Marathon column heater. The flow rate was maintained at 1.0 ml/min. In the 
1998 season, the Shimadzu SPD-10AV VP programmable UV-VIS detector was used. The 
solvents and wavelength used for separation and monitoring the individual flavonoids and 
chlorogenic acid were as follows: (1) 10% acetic acid for 12 min followed by 10% acetic 
acid/acetonitrile (70/30) for 5 min monitored at 280 nm for catechin and epicatechin and (2) 
10% acetic acid/acetonitrile (91.5/8.5) monitored at 366 nm for chlorogenic acid and the 
quercetin glycosides group, 530 nm for cyanidin 3-galactoside, and 280 nm for phloridzin. 
The chromatogram peaks of individual compounds were identified by comparing their 
retention times with the retention times of pure standards. Integrated peaks were calculated by 
comparison with standard solutions of known concentration. Standards used to quantify the 
HPLC data were cyanidin 3-galactoside, quercetin 3-galactoside, quercetin 3-
rhamnoglucoside, quercetin 3-glucoside and quercetin 3-arabinoside obtained from Routh; 
quercetin 3-xyloside purchased from Plantech, Reading U.K.; quercetin 3-rhamnoside 
obtained from Sigma; (+)-catechin and (-)-epicatechin obtained from Aldrich and phloridzin 
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and chlorogenic acid obtained from Fluka. Analytic quality control was performed by 
including control samples with a known amount of flavonoids and chlorogenic acid in every 
series of analyses. All determinations were carried out in duplicate. When duplicates differed 
more than 10%, sample extraction and measurement were repeated. Flavonoids and 
chlorogenic acid data are expressed as both concentration (mg g dw) and amount (mg/apple) 
for both cultivars. 
2.4. Statistical analysis 
The data of 1998 were subjected to an analysis of variance (ANOVA) and the means 
were separated by the least significant difference (LSD) test at the 5% level using the 
statistical package Genstat 5, release 4.1 (Rothamstead, UK). Presented data points are the 
means of two replications in 1998 for 'Jonagold', while for 'Elstar' they were the means of 
two replications and for the outer fruit of two orchards. 
3. Results 
3.1. Fruit growth and fruit maturity characteristics 
In order to relate the changes in flavonoids and chlorogenic acid content to fruit growth, 
the skin dry weight per apple for outer and inner fruit of both cultivars was determined during 
development. Since the results of both the 1997 and the 1998 seasons were similar only the 
results from 1998 are shown. The increase in skin dry weight, a function of the square of the 
radius, shows a clear sigmoidal pattern for 'Jonagold' and a slight sigmoidal pattern for 
'Elstar' (Fig. 2a and b). For 'Jonagold' maximum skin dry weight was reached at the 
optimum harvest dates (OHD) but for 'Elstar' the OHD was about 20 days earlier (Fig. 3a and 
b). Whither there is a real difference in final skin weight between outer and inner fruits can 
not be decided from the data since differences were not statistically significant. 
In 'Elstar', the outer fruit was significantly riper than the inner fruit as determined both 
by the streif and the starch index (Fig. 3a). In 'Jonagold', outer and inner fruit showed similar 
development both according to the streif index and according to the starch index (Fig. 3b). 
The OHD were 4 September and 2 October in 1997 and 8 and 29 September in 1998 for 
'Elstar' and 'Jonagold' apples, respectively. 
3.2. Changes in concentration and amount of total flavonoids 
The total flavonoid concentration and that of the different classes of flavonoids and of 
chlorogenic acid are shown in Fig. 4a and b for 'Elstar' outer and inner fruit and in Fig. 4c 
and d for 'Jonagold' outer and inner fruit, respectively. The absolute amount per apple of the 
different flavonoids and chlorogenic acid are shown similarly in Fig. 5a and b for 'Elstar' 
outer and inner fruit and Fig. 5c and d for 'Jonagold' outer and inner fruit, respectively. 
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Although the concentration of total flavonoid decreased during development, the total 
amount per apple increased to 10 and 3 mg/apple, respectively, for outer and inner fruit of 
'Elstar', and 20 and 8 mg/apple, respectively, for outer and inner fruit of 'Jonagold'. 
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Fig. 2. The growth of 'Elstar' (a) and 'Jonagold' (b) apples from the outer and the inner positions of the tree 
canopy in 1998 expressed as skin dry weight. LSD (5%) for both time and position effects are 0.76 for 'Elstar'. 
3.3. Quercetin glycosides 
The determination of quercetin glycosides included quercetin 3-galactoside, quercetin 
3-rhamnoside, quercetin 3-rhamnoglucoside, quercetin 3-glucoside, quercetin 3-xyloside and 
quercetin 3-arabinoside. In both cultivars the highest concentration of quercetin glycosides 
was found at the early stage of development, both in outer and inner fruit, but thereafter 
generally decreased to a lower steady level during maturation and ripening (Fig. 4). Among 
the six types of measured quercetin glycosides, the quercetin 3-galactoside and quercetin 3-
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Fig. 3. Maturity development of 'Elstar' (a) and 'Jonagold' (b) apples from the outer and the inner positions of 
the tree canopy, according to the starch index (scale 1-10) and the streif index in 1998. LSD (5%) of both time 
and position effects are 0.067 and 1.0 for streif and starch index, respectively. OHD are at starch indexes 2 and 8 
and streif indexes 0.30 and 0.08 for 'Elstar' and 'Jonagold', respectively. (O, • ) , starch index for outer and inner 
fruit, respectively. ( • , • ) , streif index for outer and inner fruit, respectively. 
rhamnoside were the principal glycosides. There were some fluctuations in the ranking of the 
individual quercetin glycosides especially during ripening (data not shown). The total amount 
of quercetin glycosides (mg per fruit), in the outer fruit of both cultivars, generally increased 
during development with some small fluctuations during maturation and ripening (Fig. 5a and 
c). Such an increase was less clear in inner fruits. The absolute amount of quercetin 
glycosides in mature apples was higher in 'Jonagold' than in 'Elstar', and for both cultivars 
the absolute amount of quercetin glycosides was higher in the outer fruit than in the inner fruit 
(4 vs. 1 mg/apple for 'Elstar', 10 vs. 3 mg/apple for 'Jonagold' respectively; Fig. 5). 
3.4. Catechins 
The concentration of total catechins (catechin plus epicatechin) in both cultivars initially 
increased but then decreased to reach a steady level during maturation and ripening. At early 
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stages of development, the concentration of catechin rapidly decreased, while that of 
epicatechin increased, reaching a stable level at maturation and ripening (data for individual 
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Fig. 4. Changes in concentrations of flavonoids and chlorogenic acid in the skin of 'Elstar' outer (a) and inner (b) 
fruit and 'Jonagold' outer (c) and inner (d) fruit during development and ripening in 1998. Quercetin glycosides, 
the sum of quercetin 3-galactoside, quercetin 3-rhamnoglucoside, quercetin 3-rhamnoside, quercetin 3-glucoside, 
quercetin 3-xyloside and quercetin 3-arabinoside; catechins, the sum of catechin and epicatechin; total 
flavonoids, the sum of cyanidin 3-galactoside, phloridzin, catechins and quercetin glycosides. LSD (5%) of time 
effects are 2.47, 1.85, 0.61, 1.20, 0.61, 0.31 for total flavonoids, quercetin glycosides, catechins, phloridzin, 
cyanidin 3-galactoside and chlorogenic acid, respectively. • , Total flavonoids; • , Quercetin glycosides; • , 
Catechins; • , Phloridzin; O, Cyanidin 3-galactoside; # , Chlorogenic acid. 
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Fig. 4. (Continued). 
catechins are not shown). The amount of total catechins in outer and inner fruits of both 
cultivars reached a maximum at early stage, but showed some decrease by mid season and 
remained relatively constant thereafter. There was no significant difference in the 
accumulation profile and contents of catechins between mature outer and inner fruit (2 and 4 
mg/apple for 'Elstar' and 'Jonagold' respectively; Fig. 5). 
3.5. Phloridzin 
Early in the season, phloridzin was the main flavonoid in the skin at a concentration of 
11.9 and 8.7 mg/g dw for 'Elstar' outer and inner fruit, respectively and 18.0 mg/g dw for 
'Jonagold' both in outer and inner fruit (Fig. 4). This concentration, however, sharply 
decreased from the first sampling date, reaching a low stable level below 1.0 mg/g dw both in 
outer and inner fruit for both cultivars. The amount per fruit increased in early season and 
remained at a steady level thereafter (Fig. 5). 
3.6. Anthocyanin 
The concentration of anthocyanin (cyanidin 3-galactoside) in outer fruit of both 
cultivars was initially relatively high but gradually decreased to near zero around the middle 
of the season. Shortly before maturation, the concentration rose very rapidly (Fig. 4a and c). 
In the inner fruit of both cultivars the concentration at early stage of development was also 
relatively high, but the large increase during maturation did not occur (Fig. 4b and d). The 
amount per fruit of anthocyanin remained at a very low steady level until shortly before 
maturity. From there on, in the outer fruit the amount rapidly increased to reach a level during 
maturation and ripening of 1.8 and 2.4 mg/apple for 'Elstar' and 'Jonagold', respectively (Fig. 
5a and c). In the inner fruit, the amount of anthocyanin remained at a very low steady level 
during development with only a small increase during maturation and ripening of up to 0.2 
mg/apple for both cultivars (Fig. 5b and d). 
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Fig. 5. Changes in amounts per apple of flavonoids and chlorogenic acid in the skin of 'Elstar' outer (a) and 
inner (b) fruit and 'Jonagold' outer (c) and inner (d) fruit during development and ripening in 1998. Quercetin 
glycosides, the sum of quercetin 3-galactoside, quercetin 3-rhamnoglucoside, quercetin 3-rhamnoside, quercetin 
3-glucoside, quercetin 3-xyloside and quercetin 3-arabinoside; catechins, the sum of catechin and epicatechin; 
total flavonoids, the sum of cyanidin 3-galactoside, phloridzin, catechins and quercetin glycosides. LSD (5%) of 
time effects are 2.77, 0.95, 0.45, 0.13, 0.63, 0.06 for total flavonoids, quercetin glycosides, catechins, phloridzin, 
cyanidin 3-galactoside and chlorogenic acid, respectively. • , Total flavonoids; • , Quercetin glycosides; • , 
Catechins; • , Phloridzin; O, Cyanidin 3-galactoside; * , Chlorogenic acid. 
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3.7. Chlorogenic acid 
In both cultivars the highest concentration of chlorogenic acid was at the early stage of 
development, but it gradually decreased thereafter to a very low steady level (Fig. 4). The 
amount per fruit was generally very low, showing a peak early in the season and during late 
ripening especially in 'Elstar' fruit (Fig. 5). In both cultivars the concentration and amount of 
chlorogenic acid were slightly lower in inner fruit compared to that in outer fruit during 
development and ripening (Fig. 4 and 5). The final amount was much lower in 'Elstar' (0.07 
and 0.06 mg/apple for outer and inner fruit, respectively; Fig. 5a and b) than in 'Jonagold' 
(0.50 and 0.37 mg/apple for outer and inner fruit, respectively; Fig. 5c and d). 
4. Discussion 
The accumulation profiles of flavonoids and cholorogenic acid in 'Elstar' and 
'Jonagold' apples were qualitatively very similar during development and ripening. However, 
'Jonagold' apples showed higher values of flavonoids and chlorogenic acid than 'Elstar' 
apples throughout fruit development as previously reported for mature fruit (Awad et al., 
2000). 
The dry weight of fruit skin continued to increase until September for both 'Elstar' and 
'Jonagold' (Fig. 2a and b). A net increase in the amount of quercetin glycosides, catechins, 
phloridzin and chlorogenic acid with growth in combination with a decrease in concentration 
in the young fruit strongly suggest that the rate of accumulation of these compounds is highest 
in early season and tapers off (but does not cease) as the fruit grows (Fig. 4 and 5). Our results 
agree with those of studies on citrus fruit that suggest that the major flavonoids, naringin and 
hesperidin, are rapidly synthesised during the early phases of fruit development and that 
synthesis slows down in the later phases (Jourdan et al., 1985; Vandercook and Tisserat, 
1989; Castillo et al., 1992). Hamauzu et al. (1999) found for 'Tsugaru' and 'Fuji' apples that 
the content per fruit of oligomeric procyanidins, catechin and epicatechin in the flesh 
increased by the middle stage of development and then leveled off or even decreased 
thereafter. They also found a stable amount of phloridzin in both cultivars during 
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development; however, the amount of chlorogenic acid increased in 'Fuji' apples. Our results 
deviate from the conclusion of Lister et al. (1994) in that the amount of quercetin glycosides 
and procyanidins, calculated on fresh weight basis, in skin of 'Granny Smith' and 'Splendour' 
apples increased steadily as the fruit surface area increased. However, it appears from their 
figures that the amount of quercetin glycosides leveled off at maturity for 'Granny Smith' and 
in one season for 'Splendour' apples. It can be deduced from our results that the decrease in 
the concentration of flavonoids and chlorogenic acid might be due to a dilution of these 
compounds caused by the progressive growth of the fruit, because there is increase in the total 
amount per fruit. 
The higher concentration and amount of anthocyanin and quercetin glycosides in outer 
fruit than in inner fruit of both cultivars can be explained by differences in light conditions 
(quantity and quality) at the outer and inner positions of trees (Awad et al., 2001a). Light may 
control differences in enzyme levels channeling substrates into quercetin glycosides and 
anthocyanin and/ or determining substrate fluxes (Saure, 1990; Ju et al., 1997). The fruit 
maturity indices according to the starch index and the streif index show that fruit maturity and 
ripening clearly had advanced when fruits were harvested later both in outer and inner fruits. 
The differences in ripeness between outer and inner fruit were, however, slight (Fig. 3 a and 
b). Thus the differences between outer and inner fruit in anthocyanin and quercetin glycosides 
contents are not merely explained by differences in fruit maturation (Awad et al., 2000; Awad 
et al. 2001a). Comparison of the amount of total flavonoids in outer (Fig. 5a and c) and inner 
(Fig. 5b and d) fruits of both cultivars shows similar accumulation in an early stage of 
development followed by a leveling off in the inner fruit. Since this is coinciding with a large 
increase in internal canopy shading this is consistent with our conclusion on the effect of light 
on flavonoids synthesis (Awad et al., 2001a). 
Since accumulation of quercetin glycosides and cyanidin 3-galactoside do not influence 
accumulation of any of the other flavonoid classes, their biosynthesis seems to be regulated 
independently from the other classes, although they have the same biosynthetic pathway (Fig. 
1). This might come about by physical separation on the cellular level, as suggested by the 
apparent on-off mechanism in anthocyanin formation (Awad et al., 2000) or be the 
consequence of channeling through different multi-enzyme complexes (Burbulis and Shirley, 
1999). 
4.1. Flavonoids content in relation to fruit healthiness 
The quercetin glycosides were quantitatively predominant among the measured 
flavonoid classes in skin of mature apple especially of the outer fruit (averaged 4 and 10 
mg/apple for 'Elstar' and 'Jonagold', respectively) followed by catechins (averaged 2 and 4 
mg/apple for 'Elstar' and 'Jonagold', respectively) (Fig. 5 and c). Quercetin glycosides and 
catechins are considered most beneficial to human health and have, consequently, been used 
in most studies investigating physiological and biological effects of flavonoids (Hertog et al., 
1993; Formica and Regelson 1995; Tijburg et al., 1997; Kohlmeier et al., 1997). Anthocyanin, 
phloridzin and chlorogenic acid are less important despite the fact that they show higher in 
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vitro antioxidant activities than vitamins C and E (Rice-Evans et al., 1997). We have shown 
here that quercetin glycosides, catechins, phloridzin and chlorogenic acid are mainly 
accumulated during development until the onset of maturation. On the other hand, the main 
accumulation of anthocyanin occurs during maturation. Furthermore, our results show that the 
accumulation of quercetin glycosides and anthocyanin are strongly light/tree position 
dependent while that of the other classes are independent of tree position. According to 
Lancaster et al. (2000), post-harvest UV-B irradiation at 20 °C for 72 h led only to a limited 
increase of quercetin glycosides, anthocyanin and chlorogenic acid in some apple cultivars. 
They found no effect of UV-B irradiation on the concentration of procyanidins (including 
catechin, epicatechin, procyanidin B2 and B5). Practically, pre-harvest improving of the 
concentration of anthocyanin and quercetin glycosides in fruit might be much easier and more 
economic compared to such post-harvest treatments. In order to improve both fruit healthiness 
and attractiveness before harvesting, manipulations of trees such as summer pruning, 
repositioning branches or covering orchard floor with reflecting films to improve light 
conditions within the tree, will increase quercetin glycosides and anthocyanin accumulation. 
According to our results these measures should be performed early during fruit development, 
prior to the maturation stage. 
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Abstract 
The influences of ethephon, (S)-trans-2-amino-4-(2-aminoethoxy)-3-butenoic acid 
hydrochloride (ABG-3168), gibberellins (GA4+7 and GA3), alar, cycocel (CCC), 
prohexadione-Ca, seniphos, shikimic acid, plantacur-E and galactose on the accumulation of 
flavonoids and chlorogenic acid in 'Jonagold' apple skin were investigated, with emphasis on 
anthocyanin, in order to separate maturity-related from other development-related influences. 
Fruit maturation/ripening as determined by both streif index and starch index was not affected 
by these chemicals. Ethephon application greatly increased anthocyanin accumulation but not 
that of other flavonoid compounds and chlorogenic acid compared to the control. ABG and 
GA3 applications significantly inhibited anthocyanin accumulation but not that of other 
flavonoid compounds and chlorogenic acid. ABG delayed the transition to fast anthocyanin 
accumulation by about two weeks compared to the control and to other treatments. The 
application of alar, CCC, prohexadione-Ca, GA4+7, plantacur-E, shikimic acid, galactose and 
seniphos did not significantly influence the formation of anthocyanin, total flavonoids and 
chlorogenic acid in fruit skin. Percentage of blush increased during maturation and was higher 
in ethephon treated fruit and lower in ABG and GA3 treated fruit compared with control. The 
results show that anthocyanin formation is dependent on developmental signals and 
independent of both fruit maturity/ripening and of the synthesis of other flavonoid classes and 
responds in a complicated way to ethylene. 
1. Introduction 
A protective role of fruit and vegetables against cancer and coronary heart diseases is 
partly attributed to constituents such as vitamins C and E, flavonoids, carotenoids, lycopene, 
selenium and dietary fibers. Flavonoids and phenolic acids are important classes of secondary 
plant metabolites showing antioxidant capacity in both in-vivo and in-vitro systems (Formica 
and Regelson, 1995; Steinmetz and Potter, 1996; Rice-Evans et al., 1997). Apple fruits, 
especially the skin, are rich in flavonoids and contain considerable amounts of 
hydroxycinnamic acid derivatives, mainly represented by chlorogenic acid (Nicolas et al., 
1994). Their red colour is mainly due to the anthocyanin pigment cyanidin 3-galactoside that 
can also scavenge superoxide radicals in an in-vitro system (Yamasaki et al., 1996). Thus, 
flavonoids and phenolic acids contribute to both fruit colour and human health benefits. 
In young fruit the concentrations of total flavonoids and chlorogenic acid is relatively 
high but gradually decrease during growth to a steady level during maturation and ripening 
(Lister et al., 1994; Awad et al., 2001b). Accumulation of anthocyanin, however, shows two 
peaks: the first in young fruitlets during cell division and the second in fully developed apples 
during maturation (Lister et al., 1994; Awad et al., 2001b). 
It is an important question whether or not anthocyanin formation is maturity/ripening 
and therefore ethylene related. If it is not, then methods should be sought to increase red 
colour formation without accelerating maturity/ripening and thus decreasing storability of the 
fruit. Murphey and Dilley (1988) suggested that enhancement of anthocyanin biosynthesis 
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may require only a brief exposure to ethylene that may be insufficient to affect other fruit 
ripening characteristics. To test the relationship between maturity/ripening and anthocyanin 
formation, substances that known to accelerate maturity/ripening can be applied and 
anthocyanin formation measured, and substances known to stimulate anthocyanin formation 
can be applied and maturity/ripening processes measured. Alar might inhibit ethylene and 
delay maturity but enhance or retard red colour formation (Saure, 1990). Seniphos (a 
phosphorus-calcium mixture) reportedly decreases internal ethylene and improves colour 
without affecting maturation of 'Starking Delicious' apples (Larrigaudiere et al., 1996). 
Repeated applications of a vitamin E formulation (25% alpha-tocopherol) during growth 
reportedly increases red colour formation of 'Elstar' and 'Jonagold' apples without 
influencing maturity (Schmitz and Noga, 1998). Dipping 'Mcintosh' apples in shikimic acid 
(a flavonoid precursors) considerably favoured anthocyanin formation in unripe but not in 
ripe fruit during irradiation (Faust, 1965b). Preharvest application of 0.25 M galactose or 
glucose enhanced anthocyanin and red colour formation, maintained firmness, increased pH 
and soluble sugar content in 'Fuji' apples (Bae and Lee, 1995). Little information is available, 
however, on the influence of such chemicals on flavonoids other than anthocyanin and 
chlorogenic acid in apples. 
Ju et al. (1995) found that ethephon application (250 ppm) at 20 days before harvest 
increased anthocyanin accumulation and UDPGal:flavonoid-3-o-glycosyltransferase 
(UFGalT) activity during maturation, but had no effect on flavonoid concentrations and 
chalcone synthase (CHS) activity in both 'Delicious' and 'Ralls' apples. However, ethephon 
applied at 60 days before harvest induced high UFGalT activity and increased the 
accumulation of flavonoids but did not induce anthocyanin formation when the fruits were 
picked at 40 days before harvest time. Application of the ethylene inhibitor AVG (500 ppm) 
alone did not affect activity of CHS and UFGalT or the accumulation of anthocyanin and 
flavonoids, but when applied with ethephon, AVG partially counteracted the effect of 
ethephon. Prohexadione-Ca, an inhibitor of gibberellin metabolism, and possible growth 
retardant in apple, favoured the accumulation of eriodictyol and luteoliflavan, which do not 
normally occur in apple tissue (Roemmelt et al., 1999). 
Thus, using these materials, the objectives of our study were (1) to examine the relation 
between maturity/ripening and anthocyanin and red colour formation in fruit skin and (2) to 
study the concomitant changes in flavonoid and chlorogenic acid concentrations. 
2. Materials and methods 
2.1. Experimental 
Exp. I. 
In 1997, five-year-old 'Jonagold' apple trees trained as slender spindles on M.9 
rootstock and planted in a single row system with spacing of 3.0 x 1.0 m at the experimental 
orchard in Wilhelminadorp were selected. The following chemical treatments were applied as 
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foliar spray: 480 ppm ethephon (2-chloroethyl phosphonic acid), 1000 ppm CCC (2-
chloroethyltrimethyl ammonium chloride, cycocel), 1000 ppm GA4+7, 0.2% plantacur-E (a 
vitamin E formulation containing 25% alpha tocopherol), 125 ppm prohexadione-Ca (3-
oxido-4-propionyl-5-oxo-3-cyclohexane-carboxylate), 200 ppm shikimic acid and 0.5 M 
galactose. Ethephon, CCC and GA4+7 were applied twice, July 7 and August 13. Shikimic 
acid, prohexadione-Ca and plantacur-E were applied 3 times: July 7, August 18 and 
September 15. Galactose was applied on August 18 and September 15. All chemicals were 
combined with 0.1% Tween 20 (polyoxyethylene sorbitan monolaurate) wetting agent using a 
manual sprayer until the entire tree was wet. The experimental design was a randomised 
complete block design with 3 replicates (3 trees for each). A control treatment sprayed only 
with water was included. At commercial harvest (7 October) samples of 15 fruits each, from 
the outer position of the tree canopy (5 fruits/tree), were collected for maturity determination, 
and for flavonoids and chlorogenic acid measurements. 
Exp. 2. 
In 1999, ten-year-old 'Jonagold' apple trees trained as slender spindles on M.9 
rootstock and planted in a single row system with spacing of 3.0 x 1.25 m in a commercial 
orchard in the vicinity of Randwijk were used. The following chemical treatments were 
applied as foliar spray: 480 ppm ethephon, 2000 ppm alar (succinic acid-2,2-
dimethylhydrazide), 500 ppm GA3 (gibberellic acid), 500 ppm (S)-trans-2-amino-4-(2-
aminoethoxy)-3-butenoic acid hydrochloride (ABG-3168, Abbott) and 1.0% seniphos (a 
phosphorus-calcium mixture). Alar, ABG and GA3 were applied on 11, 24 and 31 August, 
respectively (week 15, 17 and 18 after full bloom, respectively). Ethephon and seniphos were 
applied on 9 September (week 19 after full bloom), about 4 weeks before the expected 
commercial harvest. GA3 was used in this experiment instead of GA4-1-7 because the latter was 
not effective on flavonoid formation and fruit maturity in the previous experiment. All 
chemicals were combined with 0.1% Tween 20 wetting agent using a manual sprayer until the 
entire tree was wet. A control treatment sprayed only with water was included. The 
experimental design was a randomised complete block design with 3 replicates (4 trees for 
each). From about 4 weeks before expected commercial harvest and until 3 weeks thereafter, 
samples of 16 fruits each, from the outer position of the tree canopy (4 fruits/tree), were 
collected weekly for maturity determination and flavonoids and chlorogenic acid 
measurements. 
2.2. Determination of fruit maturity 
At each sampling date, the following fruit maturity characteristics were measured: flesh 
firmness at the non-blushed side (kg, Instron, 11 mm probe, 8 mm depth in 2 seconds), 
soluble solids (% brix) and titratable acidity (% malic acid in juice). Starch conversion stage 
was assessed after dipping a transverse fruit section into a solution of 1% (w/v) iodine and 4% 
(w/v) potassium iodide; the image was scored on a 1-10 scale (1 = completely black, 10 = 
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completely white). The streif maturity index (firmness/(starch x % brix)) was calculated 
(Streif, 1996). The percentage of blushed area of fruit skin was estimated by the colour 
measuring vision system 'Keurmeester' (AWETA Fruit Grading Company, Nootdorp, The 
Netherlands) adjusted to a specific setting for 'Jonagold' apples. The background colour of 
the skin (opposite the blush side) was measured spectrometrically (Minolta CR 200) using the 
'a' value. 
2.3. Determination offlavonoids and chlorogenic acid in fruit skin 
After colour measurement, fruit were peeled and the combined peel of each sample was 
frozen immediately in liquid nitrogen and vacuum dried. The freeze-dried peel was ground 
and sieved to separate the skin from adhering fleshy parts. The dry skin samples were kept at 
-20 °C until extracted for flavonoids and chlorogenic acid. The extraction and the RP-HPLC 
quantification of these compounds were done as previously described by Awad et al. (2000) 
with some modifications (Awad et al., 2001b). 
2.4. Statistical analysis of data 
Data were subjected to analysis of variance (ANOVA) and the treatments means were 
separated by F-test and the least significant difference (LSD) test at the 5% level. Regression 
analyses were also done for anthocyanin concentration and blush percentage to determine 
significances over time and treatments using the statistical package Genstat 5, release 4.1 
(Rothamstead, UK). 
3. Results 
3.1. Flavonoids and chlorogenic acid concentrations in fruit skin 
In Exp. 1, ethephon application significantly increased the concentration of cyanidin 3-
galactoside (anthocyanin) in the fruit skin at commercial harvest (Table la). The 
concentration of the other flavonoid classes as well as of total flavonoids was not significantly 
influenced by any of the applied chemicals. However, ethephon tended to enhance the 
concentration of both quercetin 3-glycosides, total flavonoids and chlorogenic acid (P = 0.11). 
GA4+7 tended to have a negative effect on chlorogenic acid concentration (P = 0.11). 
In Exp. 2, at week 19 after full bloom the concentration of anthocyanin was very low 
(almost zero) but it gradually increased during fruit maturation in all treatments (Fig. la). 
Ethephon application accelerated the accumulation of anthocyanin and greatly increased the 
final concentration compared to the control and all other treatments. In contrast, ABG 
application delayed the onset of anthocyanin accumulation by about two weeks and greatly 
reduced the final concentration. GA3 application also markedly reduced the accumulation of 
anthocyanin compared to the control whereas alar and seniphos applications had no influence. 
However, total flavonoids concentration showed no significant changes during maturation 
92 Chapter 7 
(Fig. lb). Chlorogenic acid concentration decreased during maturation and was slightly higher 
at harvest in the ethephon treated fruit compared to most other treatments (Fig. lc). 
Table la. Effects of the application of some growth regulators, plantacur E, shikimic acid and galactose during 
growing on the concentration of flavonoids and chlorogenic acid in 'Jonagold' apple skin at commercial harvest 
(exp.l, 1997)" 
Treatment 
Control 
Ethephon 
CCC 
Prohexadione-Ca 
GA4+7 
Plantacur E 
Shikimic acid 
Galactose 
F-test 
LSD o.o5 
Flavonoids and chlorogenic acid (me a dw) 
Cyanidin 3-
galactoside 
0.83 
2.03 
0.90 
0.88 
0.54 
0.93 
1.13 
1.10 
** 
0.74 
Phloridzin 
0.84 
0.82 
0.96 
0.77 
0.97 
0.96 
0.87 
0.79 
NS 
-
Catechins 
3.02 
3.32 
2.91 
3.38 
2.61 
3.21 
3.03 
3.10 
NS 
-
Quercetin 3-
glycosides 
4.6 
6.1 
4.2 
4.2 
4.5 
5.0 
5.1 
4.5 
NS 
-
Total 
flavonoids 
9.2 
12.3 
9.0 
9.2 
8.6 
10.1 
10.1 
9.4 
NS 
-
Chlorogenic 
acid 
0.22 
0.33 
0.20 
0.20 
0.16 
0.19 
0.21 
0.21 
NS 
-
a
 Catechins, the sum of catechin and epicatechin; quercetin 3-glycosides, the sum of quercetin 3-
galactoside, quercetin 3-glucoside, quercetin 3-xyloside, quercetin 3-rhamnoside, quercetin 3-rhamnoglucoside 
and quercetin 3-arabinoside; total flavonoids, the sum of cyanidin 3-galactoside, phloridzin, catechins and 
quercetin 3- glycosides. NS, not significant and (**) significant at P = 0.01; (-) not calculated. Presented data 
points are means of three replications. 
3.2. Fruit maturity characteristics 
In Exp. 1, at commercial harvest there were no significant differences in fruit maturity 
between the different treatments, as estimated by starch index and streif index (Table lb). 
Soluble solids concentration was significantly lower in GA4+7 treated fruits and the 'a' value 
was significantly higher (less green) in ethephon and shikimic acid treated fruits as compared 
to the control. 
Table lb. Effects of the application of some growth regulators, plantacur E, shikimic acid and galactose during 
growing on maturity characteristics of'Jonagold' apples at commercial harvest (exp. 1, 1997)a 
Treatment 
Control 
Ethephon 
CCC 
Prohexadione-Ca 
GA4+7 
Plantacur E 
Shikimic acid 
Galactose 
F-test 
LSD 0.05 
% Brix 
14.0 
14.4 
13.9 
13.5 
13.0 
13.4 
14.1 
14.0 
* 
0.94 
Acidity 
% malic acid 
0.58 
0.52 
0.56 
0.57 
0.52 
0.56 
0.55 
0.57 
NS 
-
Firmness 
(Kg/cm2) 
7.2 
7.0 
7.1 
7.2 
7.4 
7.0 
7.0 
7.2 
NS 
-
a-value 
-11.4 
1.80 
-7.8 
-9.3 
-10.7 
-8.5 
-4.8 
-9.6 
** 
6.2 
Streif index 
0.060 
0.057 
0.059 
0.061 
0.056 
0.057 
0.056 
0.063 
NS 
-
Starch index 
8.5 
8.9 
8.7 
8.9 
8.9 
9.0 
8.9 
8.3 
NS 
-
NS, not significant; *, * *, significant at P = 
data points are means of three replications. 
0.05 and 0.01, respectively; (-) not calculated. Presented 
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In Exp. 2, fruit maturity as estimated by both streif and starch index clearly progressed 
during the period from 19 to 25 weeks after full bloom in all treatments. Malic acid content 
gradually decreased and soluble solids concentration slightly increased during maturation. 
However, there were little or no differences among treatments (Fig. 2). Fruit firmness 
gradually decreased throughout the sampling period and was not significantly affected by any 
of the treatments (Fig 3a). Percentage of blush clearly increased during maturation in all 
treatments (Fig. 3b). The effect of the different treatments on this characteristic was the same 
as for the anthocyanin concentration. The green colour of fruit decreased during maturation 
(higher 'a' values) and was slightly lower in ethephon treated fruit and higher in ABG treated 
fruit than in the control (Fig. 3c). 
4. Discussion 
Our results show that maturity/ripening related fruit characteristics were not 
significantly influenced by the different treatments while anthocyanin accumulation was 
clearly stimulated by ethephon and the onset of anthocyanin accumulation was clearly 
delayed about two weeks by ABG (Fig. la, 2 and 3; Table 1). This indicates that anthocyanin 
formation in apple skin is regulated independently from maturity/ripening associated changes. 
Anthocyanin formation is apparently regulated both by developmental signals (non-ethylene 
components) and by ethylene signalling. We observed that the changes in the potential of fruit 
to accumulate anthocyanin started at a certain stage of development, about 2-3 weeks before 
maturity in all treatments, except for the ABG treatment in which it started about two weeks 
later (Fig. la). This is an indication that under normal developmental conditions ethylene 
signalling in the apple skin is limiting for anthocyanin accumulation. We postulate that ABG 
may suppress the expression of the gene (s) related to anthocyanin biosynthesis by inhibiting 
the accumulation of the trigger, ethylene. Once the endogenous ethylene reaches a critical 
level it will trigger the gene (s) related to anthocyanin biosynthesis. In the ethephon treated 
fruit the transition to fast anthocyanin accumulation occurred at the same time as in untreated 
fruit (Fig. la). Also, ethephon application at mid season did not induce anthocyanin formation 
until shortly before maturation (Ju et al., 1995a). This suggests that the onset of fruit 
maturation results in a change in sensitivity and responsiveness of apples to ethylene (Firn, 
1986). Indeed there is evidence that the number of ethylene binding sites/receptors increases 
during ripening of tomato fruit (Lelievre et al., 1997; Fu, 2000). Our data supports the 
suggestion of Murphey and Dilley (1988) that enhancement of anthocyanin biosynthesis may 
require only a brief exposure to ethylene that may be insufficient to affect other fruit ripening 
characteristics. However, in an other study a low concentration of ethephon (25 ppm) 
advanced ripening of 'Mcintosh' apples by about one week (Greene et al., 1974). Therefore it 
is possible that the effect of ethephon on fruit maturation may depend upon cultivar and 
environmental conditions (Saure, 1990). 
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Fig. 1. Accumulation of (a) cyanidin 3-galactoside, (b) total flavonoids and (c) chlorogenic acid during 
maturation of 'Jonagold' apples as affected by ethephon, ABG, GA3, alar, and seniphos application (exp. 2, 
1999). Presented data points are the means of three replications. LSD (5%) of main effects are presented. • , 
Ethephon; * , ABG; X, GA3; A, Alar; O, Seniphos; • , Control. 
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Fig. 2. Development of (a) starch index, (b) streif index, (c) titratable acidity and (d) % brix during maturation of 
Jonagold apples as affected by ethephon, ABG, GA3, alar, and seniphos application (exp. 2, 1999). Presented 
data points are the means of three replications. LSD (5%) of main effects are presented. D , Ethephon; * , ABG; 
X, GA3; A, Alar; O, Seniphos; • , Control. 
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Fig. 3. Development of (a) firmness, (b) % of blush and (c) background colour of the skin ('a-value') during 
maturation of Jonagold apples as affected by ethephon, ABG, GA3 , alar, and seniphos application (exp. 2, 1999). 
Presented data points are the means of three replications. LSD (5%) of main effects are presented. • , Ethephon; 
* , ABG; X, GA3; A, Alar; O, Seniphos; • , Control. 
Furthermore, our results show that none of the used chemicals influenced the formation 
of chlorogenic acid and other flavonoid classes except for anthocyanin (Fig. 1; Table la). This 
suggests independent regulation of different flavonoid classes and of chlorogenic acid, 
although they share the same biosynthetic pathway. This independent regulation has been 
observed before (Awad et al., 2001b) and might be caused by physical separation on the 
cellular level, as suggested by the apparent on-off mechanism in anthocyanin formation 
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(Awad et al., 2000) or be the consequence of channelling through different multi-enzyme 
complexes (Burbulis and Shirley, 1999). 
Our results concerning ABG are conflicting with those of Ju et al. (1995, see 
Introduction). Although internal ethylene or ethylene production was not measured in our 
experiment, ABG is most likely acting through ethylene since structural analogs of 
rhizobitoxine (L-2-amino-4-(2-arninoethoxy)-trans-3-butenoic acid) are strong inhibitor of S-
adenosylmethionine (SAM) to 1-aminocyclopropane-l-carboxylic acid (ACC) but did not 
affect the conversion of ACC to ethylene (Wang and Mellenthin, 1977; Yang, 1980). 
Regression analysis (exponential for anthocyanin and logistic for blush percentage) showed 
no significant differences in rates of accumulation of anthocyanin and blush percentage 
among treatments. Our results suggest that ethylene is normally present in excess of what is 
needed for achieving a maximal maturation rate, since maturation of untreated fruit processed 
at a similar rate as fruit treated with ABG or ethephon. We note that the increase in 
anthocyanin concentration in response to ethephon application is similar to the increase in 
blush percentage (Fig. la and 3b), suggesting that the increase is caused by an increasing in 
number of cells producing anthocyanin. In contrast, the decrease in anthocyanin concentration 
in response to ABG application that inhibits endogenous ethylene biosynthesis, is larger than 
the decrease in blush percentage (Fig. la and 3b). This suggests that not only fewer cells are 
involved in anthocyanin formation but also anthocyanin formation per cell is affected. 
GA3 reduced anthocyanin accumulation and blush percentage, to a lesser extent than 
ABG (Fig. la), without influencing fruit maturation (Fig. la, 2 and 3). GA3 has been found to 
reduce anthocyanin formation in apples and in other fruits as well and its effects have been 
partially attributed to retarding ripening (see Saure, 1990). Application of the gibberellin 
inhibitors CCC and prohexadione-Ca did not significantly influence the formation of 
anthocyanin or fruit maturation (Table la, b). Alar seems to reduce anthocyanin formation 
without delaying fruit maturation (Fig. la, 2 and 3). This might be due to a decrease in 
ethylene production (see Saure, 1990). Seniphos neither influenced anthocyanin formation nor 
fruit maturation (Fig. la; 2 and 3). Literature information concerning both alar (see Saure, 
1990) and seniphos (Larrigaudiere et al., 1996; Bertschinger et al., 1998) influences is rather 
scarce and conflicting. The lack of influence of plantacur-E on anthocyanin formation and 
blush percentage agrees with the results of Bertschinger et al. (1998) but disagrees with those 
of Schmitz and Noga (1998). 
Shikimic acid and galactose applications had no clear effect on the formation of 
anthocyanin, other flavonoids and chlorogenic acid (Table la), suggesting that the 
endogenous level might already saturate the enzyme system. Alternatively, the penetration of 
externally applied shikimic acid and galactose under field conditions might be limited. 
In conclusion our results show evidence that anthocyanin accumulation and red 
coloration of 'Jonagold' apples were enhanced by ethephon without substantially hastening 
maturation/ripening. The accumulation of other potential health flavonoids is apparently 
independent of ethylene and fruit maturation, stressing the importance of light conditions 
during growth for producing healthfulness fruits. 
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Abstract 
Apples are important dietary sources of potentially healthy phenolics. In three successive 
seasons, the changes in concentrations of flavonoids and chlorogenic acid in the skin of two apple 
cultivars Jonagold and Elstar during and after regular (RS) and ultra low oxygen storage (ULO) at 
1°C, were quantified by reversed-phase high performance liquid chromatography (RP-HPLC) 
with UV-VIS detector. There were no significant differences in the concentrations of flavonoids 
and chlorogenic acid between fruits stored under ULO and RS conditions. During storage of both 
'Jonagold' (3,6 and 8 months) and of 'Elstar' (2,4 and 6 months), and during 1 or 2 weeks shelf 
life, the concentrations of cyanidin 3-galactoside and quercetin glycosides were relatively 
constant, while the concentrations of catechins, phloridzin and chlorogenic acid showed only 
minor changes. Exposing 'Jonagold' and 'Elstar apples' to white light during shelf life following 
storage increased the concentration of cyanidin 3-galactoside but not any of the other flavonoid 
classes. An explanation for this might be that the synthesis of different flavonoid classes may 
have different spectral sensitivity characteristics. It is concluded that flavonoids present in apples 
are stable and possibly not subject to net metabolic turnover during storage and shelf life. 
1. Introduction 
Flavonoids are polyphenols compounds derived from the shikimate pathway and 
phenylpropanoid metabolism and are widely distributed among plant kingdom. These non-
nutrient compounds show anti-oxidative, antimutagenic and anticarcinogenic activities in 
different systems (Formica and Regelson, 1995; Rice-Evans et al., 1997). Many studies have 
shown that the occurrence of coronary heart disease and certain cancers are inversely associated 
with the intake of flavonoids (Formica and Regelson, 1995; Steinmetz and Potter, 1996; 
Hollman, 1997). The protective effect of fruits and vegetables consumption is partly attributed to 
their non-nutrient constituents such as vitamins C and E, carotenoids, lycopene, selenium, dietary 
fiber and more recently to flavonoids (Slater and Block, 1991; Steinmetz and Potter, 1996; Rice-
Evans et al., 1997; Robards and Antolovich, 1997). In the Netherlands, Hertog et al. (1993) have 
estimated the average intake of potentially healthy flavonols and flavones as 23 mg/day 
(expressed as aglycones) and cited tea, onion and apples as main contributors for these 
compounds in the Dutch diet. However, reliable quantitative data on the intake of other 
flavonoids such as catechins and phenolic acids are not yet available. In apples, flavonoids are 
important constituents and located mainly in the skin (Lancaster, 1992; Awad et al., 2000). 
Additionally, phenolic substances play a crucial role in determining the quality characteristics of 
colour and taste such as bitterness and astringency of fresh apples and its processed products (Lea 
and Timberlake, 1974; Lancaster, 1992; Robards and Antolovich, 1997). There is even indication 
Storage and shelf life 101 
that flavonoids and phenolic acids may influence fruit firmness (Lidster et al, 1986). The contents 
of flavonoid compounds in apples are shown to be specific for particular tissues and, genetically, 
developmentally, and environmentally determined in a very complex and yet unclear way 
(Lancaster, 1992; Awad et al., 2000). There is general agreement that the concentrations of 
phenolics decrease during fruit development to reach a low, more or less steady, level during 
maturation and ripening (Burda et al., 1990; Mayr et al., 1995). 
However, the literature concerning changes in phenolics during storage is much more 
contradictory. Mosel and Herrmann, (1974) reported that in' Boskoop' apples the concentrations 
of catechin, epicatechin and phenolic acids significantly decreased during cold storage. Piretti et 
al. (1994) found that the most important phenolics in 'Granny Smith' apple skin, epicatechin, 
quercetin glycosides, procyanidins and other, unknown phenolic compounds generally decreased 
from day 100 to the end of storage at day 205, both at regular and low oxygen storage (1.0% O2 
+2.0% C02). Further decreases were also found during one week of shelf life at 20 °C. Kolesnik 
et al. (1977) found that the concentration of anthocyanins and flavonols increased during storage 
while catechins and leucoanthocyanins decreased indicating different behaviour of individual 
phenolic compounds. More recently, Ju et al. (1996) reported in 'Delicious' and 'Ralls' apples 
stored for 4-5 months in cold storage that no changes occurred in the concentrations of simple 
phenols (mainly chlorogenic acid), flavonoid and anthocyanin. However, during 7 days at 20 °C 
following storage simple phenols and flavonoids rapidly decreased. They also found that 
anthocyanin decreased during shelf life but only in early picked fruit. Other reports have also 
shown the total phenol concentration in apples to be relatively stable during storage (Coseteng 
and Lee, 1987; Kang and Seung, 1987). In apple juice, Spanos et al. (1990) found that juice 
pressed from 'Granny Smith' apples stored for 9 months at 1 °C contained a much lower 
concentration of phenolic compounds, especially procyanidins and catechins, than juice pressed 
from fruit stored for 3 months. Storing the juice concentrates for 9 month at 25 °C caused loss of 
about 36% of cinnamic acids, loss of 50-60% of quercetin and phloretin derivatives, and a 
complete loss of procyanidin. 
Though the concentration of individual phenolics in fruits is usually low (Robards and 
Antolovich, 1997), nowadays progress in chromatography analysis procedures allows separating 
and more accurate quantification of the individual fruit phenolics. Since flavonoids might possess 
health benefits, information on important dietary sources of these compounds would be useful. 
Therefore, the aim of the present study was to characterise quantitatively by RP-HPLC the 
changes in individual flavonoids and chlorogenic acid during and after regular (RS) and ultra low 
oxygen storage (ULO) of the two main apple cultivars grown in the Netherlands, Jonagold and 
Elstar. 
2. Materials and Methods 
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2.1. Fruits and storage conditions 
Mature apple fruits (Malus domestica Borkh L., cv. Jonagold and Elstar) were collected at 
commercial harvest from trees grafted on a M.9 rootstock grown in a commercial orchard in The 
Netherlands. 
2.1.1. 'Jonagold' 
In 1996,4 boxes (about 12 kg of each) of fruits were picked from the periphery of a group 
of trees at two different dates classified as early (3 Oct.) and normal (10 Oct.) harvests. One box 
of each harvest was stored at 1 °C either in RS or in 1.2% 0 2 + 5.0% C02 (ULO) for 8 months 
plus 2 weeks of shelf life. In 1997, at commercial maturity, six boxes of fruit were picked from 
the periphery of a group of trees, three boxes were stored (one box for each take-out) at 1 °C both 
at RS and ULO for 3,6 and 8 months (referred to as short, moderate and long respectively) plus 1 
or 2 weeks of shelf life. In 1998 the experimental set-up was the same as described for the 
previous season but with two replicates. 
2.1.2. 'Elstar' 
In 1997 and 1998, the experimental set-up was the same as previously described for 
'Jonagold' but the fruits were stored at 1 °C both at RS and ULO (1.2% 02 + 3.0% C02) for 2,4, 
and 6 months (referred to as short, moderate and long respectively) plus 1 or 2 weeks of shelf life. 
The fruits of both 'Jonagold' and 'Elstar' were stored in small containers each of 1.0 m3 
with static control of 0 2 and C02. After each removal of fruit samples, the gas conditions were 
restored within a few hours. The shelf life room was kept dark, until otherwise stated, and was 
always at 10 °C during the first week and 20 °C during the second week for both cultivars and for 
every season. 
2.1.3. Illumination treatment 
To study the influence of light exposure during shelf life on flavonoid and chlorogenic acid 
concentrations, additional samples of fruit were prepared for each condition in 1997 and 1998 
after 3 months of storage for 'Jonagold' and after 4 months for 'Elstar'. The fruit samples were 
held in a single layer (the calyx-end down) in a climate chamber at 10 °C during the first and 20 
°C during the second week and continuously illuminated with white light from cool high-pressure 
sodium lamps (Philips SON-T, 400W) positioned about 1.5 m above the fruit. Total irradiance 
was about 90 to 95 W m2 near the fruit surface. Then, fruits of each sample were peeled and the 
peel was prepared as described below for analysis. 
2.1.4. Sample preparation 
At harvest, after storage and after 1 or 2 weeks of shelf life, a sample of 15 fruits was 
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randomly taken from each box and completely peeled. The peel of each sample was immediately 
frozen in liquid nitrogen and freeze-dried. The freeze-dried peel was ground in an electric blender 
and sieved to separate the skin tissues from adhering fleshy parts. The dry skin samples were then 
kept at -20 °C for later flavonoids and chlorogenic acid analysis. 
2.2. Extraction and quantification of flavonoids and chlorogenic acid 
The extraction and reversed-phase high performance liquid chromatography (RP-HPLC) 
quantification of flavonoids and chlorogenic acid were carried out as previously described by 
Awad et al. (2000) with some modifications. In the 1998 season, the Shimadzu SPD-10AV VP 
programmable UV-VIS detector was used. The solvents and wavelength used for separation and 
monitoring the individual flavonoids and chlorogenic acid were as follows: (1) 10% acetic acid 
for 12 min followed by 10% acetic acid/acetonitrile (70/30) for 5 min monitored at 280 nm for 
catechin and epicatechin and (2) 10% acetic acid/acetonitrile (91.5/8.5) monitored at 366 nm for 
chlorogenic acid and the quercetin glycosides group, 530 nm for cyanidin 3-galactoside, and 280 
nm for phloridzin. The chromatogram peaks of individual compounds were identified by 
comparing their retention times with the retention times of pure standards. Integrated peaks were 
calculated by comparison with standard solutions of known concentration. Standards used to 
quantify the HPLC data were cyanidin 3-galactoside, quercetin 3-galactoside, quercetin 3-
rhamnoglucoside, quercetin 3-glucoside and quercetin 3-arabinoside obtained from Routh; 
Quercetin 3-xyloside purchased from Plantech, Reading U.K.; Quercetin 3-rhamnoside obtained 
from Sigma; (+)-Catechin and (-)-epicatechin obtained from Aldrich and Phloridzin and 
chlorogenic acid obtained from Fluka. Analytic quality control was performed by including 
control samples with a known amount of flavonoids and chlorogenic acid in every series of 
analyses. All determinations were carried out in duplicate. When duplicates differed more than 
10%, sample extraction and measurement were repeated. 
2.3. Statistical analysis 
All data were subjected to an analysis of variance (ANOVA) and the means were separated 
by an F-test or the least significant difference (LSD) test at the 5% level using the statistical 
package Genstat 5, release 4.1 (Rothamstead, UK). 
3. Results 
Table 1 summarises the concentrations of flavonoids and chlorogenic acid in the skin of 
'Jonagold' and 'Elstar' apples at harvest. In 1996, early picked fruit of 'Jonagold' had a lower 
concentration of cyanidin 3-galactoside but rather similar concentrations of the other flavonoid 
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classes and chlorogenic acid compared with normal picked fruit. Generally,' Jonagold' had higher 
values of flavonoids and chlorogenic acid than 'Elstar'. 
Storage conditions appeared to have no significant effect on the concentrations of flavonoid 
and chlorogenic acid in both 'Jonagold' and 'Elstar' apples after storage or after 2 weeks of shelf 
life (Table 2). After storage and after shelf life, fruit stored for a long period had significantly 
lower concentrations of phloridzin and catechins than fruit stored for a short period. After shelf 
life, chlorogenic acid concentration was significantly lower in fruit stored for a long period than 
Table 1. Initial concentrations of flavonoid and chlorogenic acid in the skin of 'Jonagold' and 'Elstar' apples" 
Jonagold 
1996 season 
1997 season 
1998 season 
Elstar 
1997 season 
1998 season 
Early 
Normal 
Flavonoids and chlorogenic acid (mg g 
Cyanidin 3-
galactoside 
0.36 
0.81 
0.47 
0.79 
0.35 
0.37 
Phloridzin 
0.88 
0.78 
1.10 
0.91 
0.75 
0.81 
Catechins 
2.10 
2.20 
2.96 
2.20 
2.11 
1.60 
dw") 
Quercetin 3-
glycosides 
7.90 
6.84 
6.74 
8.71 
3.80 
4.00 
Total 
flavonoids 
11.24 
10.63 
11.27 
12.61 
7.01 
6.78 
Chlorogenic 
acid 
0.20 
0.16 
0.22 
0.33 
0.05 
0.06 
* Data of 1996 for Jonagold were a single sample, for early and normal harvest date. In 1997 the data were a 
single sample but in 1998 were the means of two replicates for both Jonagold and Elstar of normal harvest date. 
Catechins, the sum of catechin and epicatechin; quercetin 3-glycosides, the sum of quercetin 3-galactoside, quercetin 
3-glucoside, quercetin 3-xyloside, quercetin 3-rhamnoside, quercetin 3-rhamnoglucoside and quercetin 3-arabinoside; 
total flavonoids, the sum of cyanidin 3-galactoside, phloridzin, catechins and quercetin 3- glycosides. 
in those stored for a short period. The interactions between storage conditions, storage duration 
and cultivars on the concentrations of flavonoid and chlorogenic acid were not significant. 
Table 3 shows the changes in flavonoid and chlorogenic acid concentrations in 'Jonagold' 
and 'Elstar' apples during shelf life. Generally, in both 'Jonagold' and 'Elstar', no significant 
changes in flavonoid and chlorogenic acid concentrations occurred during the first week at 10 °C 
or during the second week at 20 °C. In 'Elstar', the concentration of catechins significantly 
decreased during the first week without a further decrease during the second week of shelf life 
and it was higher in fruit stored under ULO than in fruit stored under RS conditions. The 
concentrations of cyanidin 3-galactoside and phloridzin in 'Jonagold' were significantly lower in 
fruit stored for a long period than in those stored for a moderate period. Chlorogenic acid 
concentration was lower in 'Elstar' fruit stored under ULO than in those stored under RS 
condition. The interactions between storage conditions, storage duration and shelf life on the 
concentrations of flavonoid and chlorogenic acid were not significant. 
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Exposing 'Jonagold' and 'Elstar' apples to white light after storage and during shelf life 
significantly increased the concentration of cyanidin 3-galactoside but not of any of the other 
flavonoid classes. Chlorogenic acid concentration in both 'Jonagold' and 'Elstar' apples was not 
affected by the light exposure treatment (Table 4). 
Table 2. Flavonoid and chlorogenic acid concentrations in the skin of 'Jonagold' and 'Elstar' apples as affected 
by storage condition and storage duration" 
Variable 
After storage 
Storage condition 
Storage duration 
Cultivar 
Significance 
Storage condition 
Storage duration 
Cultivar 
RS 
ULO 
Short 
Moderate 
Long 
Jonagold 
Elstar 
Plus 2 weeks shelf life 
Storage condition 
Storage duration 
Cultivar 
Significance 
Storage condition 
Storage duration 
Cultivar 
RS 
ULO 
Short 
Moderate 
Long 
Jonagold 
Elstar 
Flavonoids and chlorogenic acid (mg 
Cyanidin 3-
galactoside 
0.55 
0.54 
0.54 
0.56 
0.53 
0.71 
0.37 
NS 
NS 
*** 
0.49 
0.47 
0.45 
0.56 
0.44 
0.66 
0.31 
NS 
NS 
*** 
Phloridzin 
0.93 
0.95 
0.99a 
0.99a 
0.84b 
1.03 
0.85 
NS 
* 
** 
0.93 
0.92 
0.97a 
0.97a 
0.84b 
1.10 
0.77 
NS 
* 
*** 
Catechins 
2.53 
2.52 
2.76a 
2.35b 
2.46b 
2.61 
2.43 
NS 
*** 
* 
2.43 
2.40 
2.48 
2.40 
2.37 
2.68 
2.12 
NS 
NS 
*** 
gdwl 
Quercetin 3-
glycosides 
5.81 
6.20 
5.92 
6.18 
5.91 
8.16 
3.86 
NS 
NS 
*** 
5.84 
6.00 
5.85 
6.00 
5.91 
8.12 
3.72 
NS 
NS 
*** 
Total 
flavonoids 
9.81 
10.21 
10.21 
10.08 
9.74 
12.5 
7.52 
NS 
NS 
### 
9.69 
9.80 
9.75 
9.93 
9.55 
12.5 
6.95 
NS 
NS 
*** 
Chlorogenic 
acid 
0.21 
0.18 
0.20 
0.21 
0.17 
0.28 
0.11 
NS 
NS 
**# 
0.23 
0.20 
0.25a 
0.22ab 
0.18b 
0.31 
0.12 
NS 
* 
*** 
a
 Data were the means of the 1997 and 1998 seasons. Catechins, the sum of catechin and epicatechin; 
quercetin 3-glycosides, the sum of quercetin 3-galactoside, quercetin 3-glucoside, quercetin 3-xyloside, quercetin 3-
rhamnoside, quercetin 3-rhamnoglucoside and quercetin 3-arabinoside; total flavonoids, the sum of cyanidin 3-
galactoside, phloridzin, catechins and quercetin 3- glycosides. NS, *, **,***, not significant and significant at level 
P - 0.05,0.01 and 0.001, respectively. Means followed by the same letter are not significantly different (P = 0.05). 
Table 5 shows the effects of harvest date and storage conditions on the concentrations of 
flavonoid and chlorogenic acid in 'Jonagold' apples during the 1996 season. Fruit picked at a 
106 Chapter 8 
normal date had higher concentrations of cyanidin 3-galactoside and chlorogenic acid than those 
picked early. There were no significant differences in the concentrations of flavonoid and 
chlorogenic acid between fruit stored under RS and ULO conditions for 8 months. During 2 
weeks of shelf life the concentration of catechins decreased significantly. 
Table 3. Changes in flavonoid and chlorogenic acid concentrations in the skin of 'Jonagold' and 'Elstar' apples 
during shelf life following storage" 
Variable 
Jonagold 
Shelf life 
Storage condition 
Storage duration 
Significance 
Shelf life 
Storage condition 
Storage duration 
Elstar 
Shelf life 
Storage condition 
Significance 
Shelf life 
Storage condition 
0 week 
1 week 
2 weeks 
RS 
ULO 
Moderate 
Long 
0 week 
1 week 
2 weeks 
RS 
ULO 
Flavonoids and chlorogenic acid (me e 
Cyanidin 3-
galactoside 
0.74 
0.76 
0.69 
0.72 
0.74 
0.78 
0.67 
NS 
NS 
# 
0.36 
0.37 
0.31 
0.35 
0.34 
NS 
NS 
Phloridzin 
0.98 
0.99 
1.03 
1.02 
0.98 
1.15 
0.85 
NS 
NS 
*#* 
0.84 
0.86 
0.83 
0.84 
0.84 
NS 
NS 
Catechins 
2.49 
2.53 
2.66 
2.57 
2.55 
2.58 
2.53 
NS 
NS 
NS 
2.38a 
2.10b 
2.12b 
2.09 
2.31 
** 
** 
dw) 
Quercetin 3-
glycosides 
8.35 
8.18 
8.14 
8.10 
8.36 
8.36 
8.10 
NS 
NS 
NS 
3.78 
4.38 
3.80 
4.10 
3.90 
NS 
NS 
Total 
flavonoids 
12.55 
12.45 
12.52 
12.39 
12.63 
12.88 
12.14 
NS 
NS 
NS 
7.35 
7.70 
7.10 
7.37 
7.38 
NS 
NS 
Chlorogenic 
acid 
0.27 
0.26 
0.27 
0.26 
0.27 
0.28 
0.25 
NS 
NS 
NS 
0.10 
0.11 
0.11 
0.13 
0.10 
NS 
*** 
a
 Data were the means of the 1997 and 1998 seasons. Catechins, the sum of catechin and epicatechin; 
quercetin 3-glycosides, the sum of quercetin 3-galactoside, quercetin 3-glucoside, quercetin 3-xyloside, quercetin 3-
rhamnoside, quercetin 3-rhamnoglucoside and quercetin 3-arabinoside; total flavonoids, the sum of cyanidin 3-
galactoside, phloridzin, catechins and quercetin 3- glycosides. NS, *, **, ***, not significant and significant at level 
P = 0.05, 0.01 and 0.001, respectively. Means followed by the same letter are not significantly different (P = 0.05). 
4. Discussion 
At removal from storage, rather similar concentrations of flavonoid and chlorogenic acid 
were found in both 'Jonagold' and 'Elstar' apples stored under ULO and RS condition (Tables 2 
and 5). These results are in agreement with those of Piretti et al. (1994) who found in 'Granny 
Smith' apples that the concentrations of catechin, epicatechin and quercetin glycosides decreased 
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during storage to a similar extent in fruit stored at 1.0% O2 + 2.0% CO2 as in those stored in air at 
0 °C. In 'Conference' pears stored in CA with various concentrations of oxygen and carbon 
dioxide, the concentration of total phenolics was not affected by storage conditions (Veltman et 
al., 1999). The slight decrease in phloridzin and catechins concentrations and the relative constant 
concentrations of cyanidin 3-galactoside and quercetin glycosides during storage (Table 2) 
indicate a different behaviour of individual flavonoid compounds. Kolesnik et al. (1977) observed 
Table 4. Flavonoid and chlorogenic acid concentrations in the skin o f Jonagold' and 'Elstar' apples as affected 
by exposure to white light during shelf life following storage" 
Variable 
Jonagold 
Light exposure 
Significance 
Elstar 
Light exposure 
Significance 
With 
Without 
With 
Without 
Flavonoids and chlorosenic acid fmg a 
Cyanidin 3-
galactoside 
0.80 
0.58 
*** 
0.40 
0.31 
* 
Phloridzin 
1.14 
1.19 
NS 
0.74 
0.72 
NS 
Catechins 
2.58 
2.72 
NS 
2.17 
2.10 
NS 
dw) 
Quercetin 3-
glycosides 
8.20 
8.10 
NS 
3.67 
3.73 
NS 
Total 
flavonoids 
12.72 
12.56 
NS 
6.97 
6.86 
NS 
Chlorogenic 
acid 
0.30 
0.39 
NS 
0.14 
0.14 
NS 
"Data were the means of the 1997 and 1998 seasons and of RS and ULO conditions. Catechins, the sum of 
catechin and epicatechin; quercetin 3-glycosides, the sum of quercetin 3-galactoside, quercetin 3-glucoside, quercetin 
3-xyloside, quercetin 3-rhamnoside, quercetin 3-rhamnoglucoside and quercetin 3-arabinoside; total flavonoids, the 
sum of cyanidin 3-galactoside, phloridzin, catechins and quercetin 3- glycosides. NS, *, ***, not significant or 
significant at level P = 0.05, 0.01 and 0.001, respectively. 
Table 5. Flavonoid and chlorogenic acid concentrations in the skin o f Jonagold' apples as affected by harvest 
date and storage conditions (1996)a 
Variable 
Harvest 
Storage condition 
Shelf life 
Significance 
Harvest 
Storage condition 
Shelf life 
Early 
Normal 
RS 
ULO 
0 week 
2 weeks 
Flavonoids and chlorosenic acid (ms 
Cyanidin 3-
galactoside 
0.25 
0.39 
0.32 
0.32 
0.35 
0.30 
* 
NS 
NS 
Phloridzin 
0.71 
0.63 
0.68 
0.65 
0.68 
0.65 
NS 
NS 
NS 
Catechins 
1.58 
1.57 
1.55 
1.61 
1.72 
1.44 
NS 
NS 
* 
edw") 
Quercetin 3-
glycosides 
5.38 
5.46 
5.71 
5.13 
5.76 
5.08 
NS 
NS 
NS 
Total 
flavonoids 
7.91 
8.10 
8.27 
7.70 
8.51 
7.46 
NS 
NS 
NS 
Chlorogenic 
acid 
0.20 
0.22 
0.24 
0.19 
0.19 
0.23 
* 
NS 
NS 
"The fruits were stored for 8 months followed by 2 weeks of shelf life. Catechins, the sum of catechin and 
epicatechin; quercetin 3-glycosides, the sum of quercetin 3-galactoside, quercetin 3-glucoside, quercetin 3-xyloside, 
quercetin 3-rhamnoside, quercetin 3-rhamnoglucoside and quercetin 3-arabinoside; total flavonoids, the sum of 
cyanidin 3-galactoside, phloridzin, catechins and quercetin,3- glycosides. NS, *, not significant and significant, 
respectively at level P - 0.05. 
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that the concentration of anthocyanin and flavonols increased during storage but catechins and 
leucoanthocyanins decreased. Albrigo and Childers (1970) and Duvenage and de Swardt (1973) 
suggested that during cold storage of 'Stayman' or 'Granny Smith' apples an enhanced 
polymerization process resulted in a higher level of high-molecular-weight flavanols. On the 
other hand, Burda et al. (1990) reported that the concentration of epicatechin, procyanindin B2 
and phloridzin as major phenolics of three apple cultivars 'Golden Delicious', 'Empire' and 'RI 
Greening' in both the flesh and the skin remained at a relatively constant concentration during 6 
months of cold storage. The rather stable concentration of cyanidin 3-galactoside during storage 
is in line with the observation of Lin et al. (1989) where cyanidin 3-galactoside was the most 
stable anthocyanin among the major anthocyanin types in 'Starkrimson' apples stored at 2 °C and 
73 % relative humidity for about 7 months. Also Reay (1998) reported that both anthocyanin and 
quercetin glycosides concentrations did not change significantly in 'Gala' apples during storage at 
1 °C for about 5 months on either the blush or the shaded side of immature or mature fruit. 
Chlorogenic acid did not change significantly during storage (Table 2) as also reported by 
Coseteng and Lee (1987). However, after 2 weeks of shelf life the long stored fruit had a lower 
concentration of chlorogenic acid than the short stored fruit. 
Except for the concentration of catechins in 'Elstar' apples, the data show that both in 
'Jonagold' and in 'Elstar', flavonoid and chlorogenic acid concentrations remained relatively 
constant during 2 weeks of shelf life (Table 3). These results conflict with those of Piretti et al. 
(1994) for 'Granny Smith' and of Juetal. (1996) for 'Delicious' and 'Ralls' apples where a rapid 
decrease in flavonoid and phenolic acids concentrations during 7 days at 20 °C following cold 
storage was observed. This rapid decrease in flavonoids and in phenolic acids was associated in 
both cultivars with the development of superficial scald. Interestingly, Perez-Ilzarbe et al. (1997) 
found that in 'Granny Smith' apples stored at 4 °C for 10 days, during re-warming the fruit at 22 
°C for 21 days the concentration of phenolic compounds significantly increased in the skin but 
not in the flesh. However, during cold storage their concentration remained stable in the skin 
while it decreased in the flesh. 
White light exposure during 2 weeks of shelf life following storage increased anthocyanin 
concentration in both 'Jonagold' and 'Elstar' apples (Table 4). Arakwa (1988b) found in a post 
harvest experiment that anthocyanin synthesis was induced by white light in some apple cultivars 
including 'Jonagold' but not in 'Mutsu' and 'Golden Delicious'. Other flavonoid classes, 
however, did not increase in concentration with white light illumination (Table 4). Reay (1999) 
found that visible light alone without UV-B did not significantly increase the concentration of 
quercetin in 'Granny Smith' apples. This is an indication that the synthesis of different flavonoid 
classes may have different spectral sensitivity characteristics. The increase in anthocyanin 
concentration also indicates that both in 'Jonagold' and in 'Elstar' apples after 3 and 4 months of 
storage respectively, both under ULO or RS conditions, the system of anthocyanin synthesis 
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remains intact and active. Bishop and Klein (1975) showed that 'Mcintosh' apples stored for 
about 8 months under controlled atmosphere condition showed no diminution in synthetic 
capacity over time, in contrast to fruit stored at regular cold storage. 
Generally, the main conclusion that can be drawn from all these results is that there is only 
a small profit, if any, of ULO over RS conditions in preserving flavonoids concentration in the 
fruit and that the flavonoids and chlorogenic acid present in apples are rather stable during 
storage under ULO or RS conditions and even during shelf life, although relatively small 
decreases occurred in some components like catechins and phloridzin. These results are in line 
with the general conclusions of Dangelmayr et.al. (1983) and Zenner and Bopp (1987) who found 
flavonoid compounds in various plant tissues to be relatively stable and in most cases catabolism 
to be relatively low, if occurring at all. According to Baruah and Swain (1959) and Roberts 
(1960), flavonoid compounds are stable and not suitable substrates for polyphenol oxidases 
(PPO) enzymes. According to van Buren (1970) the major natural substrates found for the 
oxidative enzymes are hydroxycinnamic acid esters and monomeric and dimeric flavans and not 
the potentially most healthy compounds, quercetin glycosides. Also, in intact cells, phenolic 
compounds are located in the vacuoles and protected from the PPO or peroxidase enzymes in the 
chloroplasts and mitochondria by physical barriers (Mayer, 1987). 
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1. Introduction 
Flavonoids and hydroxycinnamic acids contribute largely to both fruit colour and, 
through fruit consumption, to human health. As was reviewed in the general introduction 
(Chapter 1), the role of pre and post harvest factors in the regulation of accumulation of 
flavonoids other than anthocyanin is poorly documented. Therefore, the research described in 
this thesis focused on the extent to which the contents of flavonoids and chlorogenic acid in 
the skin of apples varies, how they develop and how they can be manipulated. The first part of 
this thesis (Chapters 2-5) deals with variation in the concentration of flavonoids and 
chlorogenic acid on the level of fruits, trees, orchards, cultivars and mutants. The factor light 
(Chapter 3), plant nutrients (Chapter 4) and assimilate availability (Chapter 5) were studied 
for their possible contribution to part of these variations. The second part of the thesis 
(Chapters 6-8) deals with developmental aspects of flavonoids and chlorogenic acid during 
fruit growth phase, ripening phase and post harvest phase. In this general discussion an 
attempt is made to integrate the results. 
2. Existing variation at harvest 
2.1. Cultivars and mutants variation 
Comparing two apple cultivars, significant genotypic variation was observed for the 
concentration of flavonoids and chlorogenic acid. ' Jonagold' apples contain significant higher 
concentrations (about 15-20%) (Chapters 2 and 6) and amounts (about 30-40%) (Chapter 6) 
of total flavonoids than 'Elstar' apples. The concentration of chlorogenic acid was about 3-
fold higher in 'Jonagold' than in 'Elstar' apples. However 'Elstar' apples contained 
significant higher concentrations of some quercetin glycosides types as quercetin 3-
rhamnoglucoside (about 40%) and quercetin 3-glucosides (about 60%) than 'Jonagold' 
apples. This might be relevant with respect to differences in bio-activity and antioxidant 
capacity of various flavonoid compounds. Cultivar variation in flavonoids and chlorogenic 
acid concentrations has also been reported by McRae et al. (1990) and Perez-Ilzarbe et al. 
(1991). If the potential maximum concentration of flavonoids in apple is mainly genetically 
determined breeding would be an important tool for increasing healthiness of apples. While 
the primary objective of plant breeding programs over the past 50 years has been to increase 
productivity by increasing yields, breeding or selecting for health promoting compounds such 
as nutrients, vitamins, carotenoids and phytochemicals have often been overlooked (Grusak 
and DellaPenna, 1999). At least the content of health promoting substances should be part of 
the quality evaluation of existing varieties. 
In flowers, manipulation of flavonoid biosynthesis has become feasible after 
characterisation of several enzymes and cloning their corresponding genes. Recent advances 
in molecular biology as gene isolation, manipulation and transfer between species enable the 
alteration of plant properties with aesthetic and commercial value without changing the 
overall production characteristics (Mol et al., 1989; Bevan, 1993). Accordingly, De Vos et al. 
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(2000) up-regulated flavonoids biosynthesis in tomato fruits and potato tubers by means of 
genetic engineering. They introduced transgenic tomato lines that contain 70-fold higher 
levels of quercetin in their fruit peel compared to their parent plants. Likewise they produced 
transformed potato plants with up to 60-fold higher levels of kaempferol in the tuber, mainly 
in the flesh compared to their parent plants. It appears that genetic engineering provides 
opportunities for increasing flavonoids contents in fruit. However, the time frame of 10 to 15 
years to deliver a commercial transgenic cultivar and public concern about genetically 
modified food must be considered. 
The differences between mutants within a given cultivar show that the potential 
anthocyanin accumulation may increase several fold without influencing the concentrations of 
other flavonoid classes (Chapter 2). Since, however, the selection of these mutants is 
inherently based on the amount of red coloration, selection of mutants for higher levels of 
other potentially healthy flavonoid classes e.g. quercetin 3-glycosides might be considered, 
providing that such characteristics can be relatively easily determined. 
2.2. Light as a key factor 
The potentially maximal concentration of flavonoids in apples is apparently genetically 
determined but is largely influenced by developmental and environmental factors in particular 
the light conditions (Chapters 2 and 3). Chlorogenic acid concentration seems to be, however, 
only genetically and developmentally determined since its level was not significantly 
influenced by the studied environmental factors (Chapters 2-7). We found very low 
concentrations of anthocyanin, moderate concentration of quercetin 3-glycosides and 
relatively high concentrations of phloridzin, catechins and chlorogenic acid in the shaded, as 
compared to the illuminated side, skin of an individual fruit (Chapter 2). Fruit from the top of 
the canopy contained the highest percentage of blush and the highest concentrations of 
cyanidin 3-galactoside (anthocyanin) and quercetin 3-glycosides, followed by fruit from the 
outside of the canopy, and then those from the canopy interior. There were no significant 
differences in the concentrations of catechins, phloridzin and chlorogenic acid among fruit 
from the different canopy positions (Chapters 2, 3 and 6). Much of the within-tree variation in 
fruit quality can be attributed to two factors: position of the fruit in the canopy, which 
determines the light microclimate under which fruit develop, and bearing wood type (Volz et 
al., 1994). We showed that the intensity and the composition of the light are different in the 
exterior and interior regions of the tree canopy (Chapter 3) as previously reported (Looney, 
1968; Proctor, 1975). Light in the interior of the canopy was poorer in UV-A, blue, green and 
red but relatively richer in far-red light than at all other positions. Consequently, the FR/R 
ratio was much larger at the interior of the canopy than at all other positions and there was a 
critical FR/R ratio of about 1 above which no anthocyanin and only minimal quercetin 3-
glycosides were formed. There were large differences in flavonoid and chlorogenic acid 
concentrations in 'Elstar' fruit between two normally productive orchards differing mainly in 
growth vigour (Chapter 2). All these results show that light conditions are a main factor in the 
biosynthesis of flavonoids in apples. Over a wide range the relationship between light level 
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and quercetin glycosides concentration is linear. The same holds for anthocyanin though here 
a threshold appears below which no anthocyanin is formed (in the inside of the tree canopy) 
(Chapters 3 but also 2 and 6; Ju et al., 1995a and b; Ju et al., 1997). Catechins, phloridzin and 
chlorogenic acid are much less dependent on light conditions. This would suggest that genes 
controlling the biosynthesis of different phenolic classes might have a different sensitivity to 
light. Further, individual flavonoid and chlorogenic acid concentrations were not equally 
distributed within the apple fruit (Chapter 2). Precisely, the light dependent quercetin 3-
glycosides and anthocyanin were almost exclusively found in the skin. This is in accordance 
with a protection role for these compounds against damaging effects of excessive light 
intensities (Merzlyak and Chivkunova, 2000). In order to improve both fruit healthiness and 
attractiveness before harvesting, manipulations of trees such as summer pruning, 
repositioning branches or covering orchard floor with reflecting films to improve light 
conditions within the tree, will increase quercetin 3-glycosides and anthocyanin accumulation. 
The maximum possible difference in flavonoid concentrations, based on difference between 
top fruit (optimal light conditions) and inner fruit (minimal light conditions) may be 3-fold for 
quercetin 3-glycosides and 2-fold for total flavonoids (Chapters 2 and 3). 
2.3. The role of nutrients 
Fruit nutrient composition is strongly associated with external and internal quality 
attributes of fruits such as colour, firmness, storability and disorder resistance (Bramlage, 
1993; Johnson and Ridout, 1998). The current experiments with two types of 'Elstar' show 
frequent negative correlations between the concentration of N and Mg and the N/Ca ratio in 
fruit and the concentration of cyanidin 3-galactoside and total flavonoids in the skin (Chapter 
4). In 'Elshof mutant, only in one season out of three the concentrations of P and K in fruit 
were frequently negatively correlated with the concentration of anthocyanin and total 
flavonoids. Fruits from trees that received maximum N application contained about 9% less 
total flavonoids, 26% less anthocyanin and 9% less catechins than fruit from trees that 
received no N application. Similarly, ciders obtained from 'Dabinett' apple trees that received 
NPK fertilizer were less bitter and astringent than those from control trees, which was related 
to an overall decrease of 17% in fruit phenolic concentration (Lea and Beech, 1978). Only in 
standard 'Elstar' the concentration of Ca in fruit was positively correlated with the 
concentration of cyanidin 3-galactoside and total flavonoids in the skin (Chapter 4). The 
relationships between nutrition and chlorogenic acid concentration in apples are not consistent 
and further study is required. The consistent negative effect of N and the variable results with 
some other nutrients are in accordance with literature (see chapter 4). 
It is concluded that, in addition to improving light conditions, the concentration of 
flavonoids in fruit skin could be further increased by optimising fertilization especially that of 
N, directed on preventing of excess N accumulation. 
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2.4. Assimilate supply is not a limiting factor 
It is estimated that, under normal growth conditions, about 20% of all carbon 
photosynthesised by plants flows through the shikimate pathway and much of it might be used 
for the synthesis of the various secondary metabolites (Herrmann, 1995). According to Smith 
(1972), about 2% of the carbon fixed by plants is converted to flavonoids or closely related 
compounds. Flavonoid compounds are generally present in plants as glycosides, except 
flavan-3-ols (catechins) which are found in free rather than in glycosylated forms. If flavonoid 
synthesis is generally substrate limited one might expect that a treatment that causes a change 
in the availability of the flavonoid precursors, shikimic acid, acetate and sugar, might induce 
subsequent changes in the synthesis of flavonoids. In accordance with our results (Chapter 5), 
it is widely shown that differences in crop load can affect fruit development, the availability 
of assimilates, the content of sugars, acids and dry matter, and nutrients composition of apples 
(Poll et al., 1996; Volz and Ferguson, 1999; Wertheim, 2000). 
However, in the present study, fruit thinning at different levels and times had no 
significant influence on accumulation of anthocyanin, other flavonoid classes and chlorogenic 
acid (Chapter 5). The lack of influence of crop load on flavonoids and chlorogenic acid 
formation could be explained by the fact that even at high crop load (low free assimilate level) 
carbon supply is not a limiting regulatory factor for secondary metabolite synthesis; a further 
increase in metabolite level does not take place. This does not correspond to results with pot-
grown apples (Poll et al., 1996) or in-vitro grown shoots (Lux-Endrich et al., 2000). We have 
observed that exogenous application of two precursors, galactose and shikimic acid even 
during the last weeks before commercial maturity, where potentially carbon limitation for 
fruit growth occurs (Lakso et al., 1998), had no influence on the concentration of flavonoids 
and chlorogenic acid in 'Jonagold' apples at harvest (Chapter 7). Also removal of only the 
interior fruits (about one-third of total fruit) a few weeks before expected commercial 
maturity did not influence the concentration of flavonoids and chlorogenic acid of the 
remaining exterior fruits of either 'Jonagold' or 'Elstar' apples at harvest (Chapter 5). This 
treatment also did not influence other fruit characteristics. It is concluded that, under normal 
field conditions, assimilate availability is not a major regulatory factor for flavonoids and 
chlorogenic acid formation in apples. Sufficient number of well exposed leaves per fruit may 
promote primarily fruit characteristics such as weight, size, the content of sugar and acid, 
whereas anthocyanin and quercetin 3-glycosides formation may be significantly affected by 
light that actually strikes the fruit. Therefore it can be concluded that crop load variation does 
not contribute to the final level of flavonoids and chlorogenic acid in apples. 
3. Pre and post harvest development 
3.1. Fruit growth phase 
Based on development of the amount ('net synthesis') of flavonoids and chlorogenic 
acid during fruit growth (Chapter 6), three different groups can be discerned. Quercetin 3-
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glycosides (1) show a steady increase during the whole period but level off at the start of 
maturation (about 2 weeks before commercial harvest). Anthocyanin (2) shows a long period 
without any increase in amount followed by a peak resulting in the observed blush formation 
at harvest that is starting just when the increase in querectin 3-glycosides and fruit growth 
slows down. Other flavonoid compounds (3) show more or less an increase in amount in the 
first part of fruit growth and level off thereafter. Only chlorogenic acid shows a net decrease 
in amount that occurs rather early in season, followed by an increase (Chapter 6). The latter 
phenomenon is the only direct evidence for breakdown of any of the studied phenolics. The 
coincidence of slow down of net quercetin 3-glycosides synthesis and net increase in skin 
weight (or fruit growth) suggests a feed-back inhibition by end products but this is very 
speculative since none of the other classes shows such behaviour. 
The accumulation of quercetin glycosides and anthocyanin are strongly tree position 
dependent while that of the other classes are independent of tree position (Chapters 2, 3 and 
6). According to these results it is concluded that, any measure to improve light conditions 
within the tree canopy, for increasing especially anthocyanin and quercetin glycosides levels, 
should be performed during fruit development, prior to the maturation stage. 
3.2. Ripening phase 
Since the occurrence of the second peak in anthocyanin formation more or less parallels 
the maturation and ripening phase (like starch degradation and aroma production), 
anthocyanin formation itself is often considered as a ripening phenomenon, probably 
triggered by ethylene. Our results suggest, however, that there is no simple relation to 
ripening and consequently to ethylene (though we did not measure ethylene) (Chapter 7). This 
is concluded from the promotion of anthocyanin formation by ethephon (an ethylene releasing 
compound) application and the retardation of anthocyanin formation by ABG and GA3 
(known to lower or counteract endogenous ethylene), without significantly altering starch 
degradation and changes in streif index (combination of starch index, firmness and sugar 
concentration). These results indicate that anthocyanin formation is more sensitive to ethylene 
than ripening, as suggested by Murphy and Dilley (1988). Our results have also shown that 
the other flavonoid classes quercetin 3-glycosides, catechins and phloridzin and chlorogenic 
acid do not respond to any of the applied growth regulators (Chapter 7). 
3.3. Post harvest phase 
Concentrations of nutrients as vitamins in fruits and vegetables tend to decline during 
post harvest handling, storage processing and consumer preparation e.g. peeling. As much as 
100% of a nutrient may be lost between the time of harvesting and consumption without 
detectable changes in other quality characteristics such as colour, flavour and texture 
(Buescher et al., 1999). Losses of vitamins in fruits and vegetables vary with the type of fruit 
and vegetable, physical damage, type and time of processing, temperature and storage 
environment (Shewfelt, 1990). The concentration of flavonoids and chlorogenic acid 
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generally decrease during fruit development to reach a low, more or less steady, level during 
maturation and ripening (Chapter 6; Burda et al., 1990; Mayr et al., 1995). However, the 
available literature concerning changes in phenolics during storage and shelf life is much 
more contradictory (Mosel and Herrmann, 1974; Burda et al., 1990; Piretti et al., 1994; Ju et 
al., 1996). 
In the present study, the changes in individual flavonoids and chlorogenic acid during 
regular (RS) or ultra low oxygen (ULO) storage conditions at 1°C were determined in both 
' Jonagold' and 'Elstar' apples (Chapter 8). It could convincingly be shown that during storage 
of both 'Jonagold' (3, 6 and 8 months) and of 'Elstar' (2, 4 and 6 months) and during 1 or 2 
weeks shelf life, the concentrations of cyanidin 3-galactoside and quercetin glycosides were 
relatively constant, while the concentrations of catechins, phloridzin and chlorogenic acid 
showed only minor decreases. Moreover there were no significant differences in the 
concentration of flavonoids and chlorogenic acid between fruits stored under ULO compared 
to RS conditions. It is concluded that, following harvest, flavonoids present in apples are 
stable. There is no direct or indirect proof for breakdown (net metabolic turnover) during 
storage and shelf life. 
4. Relational model of flavonoids accumulation 
According to the foregoing results a conceptual model is developed (Fig. la) for the 
relationships between various factors and the accumulation of flavonoids in apples. The first 
factor determining the potential maximum level of flavonoids is the cultivar or the mutant 
cultivated. Light, interacting mainly with position in the tree, is the next dominating factor for 
flavonoids (especially quercetin 3-glycosides and anthocyanin) accumulation. Other factors as 
pruning, nutrition especially N, temperature, rain/irrigation, crop load, growth regulators and 
rootstock and interstock might influence flavonoids accumulation directly or indirectly mainly 
through modifying tree vigour and light conditions within the canopy and through altering 
fruit development and maturation. 
118 Chapter 9 
Cultivar/ 
Mutant 
Rootstock 
Interstock 
I larvi-st 
Light: 
-level 
-quality 
-duration 
Pruning 
Nutrition 
Temperature 
Rain/ 
Irrigation 
Crop load 
Growth 
regulators 
Position 
on tree 
I rev 
\i"our 
Fig. la. A conceptual model of the factors that influence flavonoids accumulation in apples. 
5. Independent regulation of different phenolic classes 
As presented in Figure 1 (Chapter 6), catechins, phloridzin and chlorogenic acid are part 
of the same biosynthesis pathway as quercetin 3-glycosides and cyanidin 3-galactoside 
(Lancaster, 1992) and one would expect competition for the same precursor molecules. 
However, accumulation of catechins, phloridzin and chlorogenic acid was apparently not 
affected by the synthesis of cyanidin 3-galactoside and quercetin 3-glycosides, even in fruit 
grown on the top and the outside of the tree canopy where there is a substantial accumulation 
of both of these two compounds (Chapters 2, 3 and 6). This rules out competition for 
precursors. Also the application of ethephon significantly increased and that of ABG 
significantly decreased the accumulation of anthocyanin without influencing the other 
flavonoid classes and chlorogenic acid (Chapter 7). These results strongly suggest 
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independent regulation of different flavonoid classes and of chlorogenic acid, although they 
share the same biosynthetic pathway. Perhaps synthesis of different flavonoid classes occurs 
in different cell types of the apple skin. The observation that even in the reddest area of apple 
skin anthocyanin only accumulates in some cells (Chapter 2) may support this suggestion. 
Alternatively, different independent multi-enzyme complexes, operating in the same cell, may 
channel substrate conversion towards either catechins, phloridzin and chlorogenic acid or 
quercetin 3-glycosides or cyanidin 3-galactoside (Burbulis and Shirley, 1999). 
6. Practical aspects 
As shown in previous chapters, the accumulation of flavonoids and chlorogenic acid in 
apples is clearly influenced by various internal and external factors. In Figure lb, a schematic 
representation of the apple production chain is given. At each step a number of factors 
contribute to the final level of phytochemicals in fruit. In this paragraph the effects of these 
steps and the options for improving the final levels of flavonoids and chlorogenic acid for the 
consumer will be discussed. 
Our results show that there is much room for optimising the level of potential health 
phytochemicals in apples. The first step would be cultivar selection either from already 
available genotypes or by developing new cultivars through classical breeding or molecular 
biology and gene technology. It appears that improvement of nutritional quality of 
horticultural products will be a rewarding activity for plant breeders as we enter the 21s' 
century, especially in industrialised countries where sufficient food is available and the 
interest in healthy foods is increasing among the population (Bliss, 1999). However, before 
starting breeding for nutritional improvement careful assessment of existing cultivars and 
feasibility of breeding strategies must be considered. Selection of new mutants should be 
based on the level of potential health promoting flavonoid classes e.g. quercetin 3-glycosides 
and catechins. 
Since environmental factors have a significant impact on determining the final level of 
flavonoids in fruit, the second step can be optimisation of climatic conditions and cultural 
practices especially those improving light conditions within tree canopy such as dwarfing root 
stocks, suitable planting system, optimum row orientation and proper training and pruning 
systems or covering orchard floor with reflecting films. A third step could be optimisation of 
the fertilization programme especially avoiding excess N and better timing of N-application. 
Maturity at harvest is one of the most important factors determining the accumulation of 
anthocyanin in fruits. Thus during the maturation process fruit should be harvested at the time 
when enough anthocyanin and red colour are formed. This knowledge is, however, of very 
restricted use since waiting for colour means loss of fruit storability. Since the overall 
production of other flavonoid classes and chlorogenic acid is completed during fruit 
development before the onset of maturation (Chapters 6 and 7) this does not further increase 
total flavonoids content either. At harvest or later, sorting of fruit based on their blush might 
be a way to make healthiness classes, since blush is a good marker for exposure to light 
during growth and thus to some extent for the quercetin 3-glycosides level. 
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Additionally, also post harvest irradiation (Chapter 8; Dong et al., 1995; Lancaster et 
al., 2000) can be considered to improve flavonoids especially in green fruits from the canopy 
interior. This method will, however, not be very practical because of the space requirement of 
such treatment. 
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Fig. lb. Schematic representation of the apple production chain and possible causes for variation in levels of 
flavonoids and chlorogenic acid. The highlighted factors are those studied here. 
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Storage conditions and duration appear not to be an important consideration for flavonoids 
and chlorogenic acid retention (Chapter 8), thus applying the proper conditions for each 
cultivar to retain the most classical quality like firmness and acidity can be used. 
Even when cultivar choice and cultivation methods succeed in getting high levels of 
flavonoids in fruit still the treatment by the consumer determines how much of these 
substances will be consumed. Many consumers still peel the fruit before consumption thereby 
removing almost all anthocyanin and quercetin 3-glycosides (Chapter 2). Also important 
vitamins like C and E and beta-carotene are mainly located in the peel (Buescher et al., 1999). 
On the other hand, pesticide and fungicide residues also are usually more concentrated in 
outer tissues, occasionally preventing their safe use as food. Thus, any promotion of apple 
consumption based on their healthy substances should imply or even promote consumption of 
the skin and this, in turn, should be facilitated by more safe, e.g. organic ways of farming. 
However, as amount per fruit, the flesh remain the main contributor for especially catechins 
and chlorogenic acid and about equal to the skin for phloridzin intake. 
7. Future research 
Because of the large sources of variation induced in the different steps of the production 
chain (Fig. lb), a quantitative model would offer a practical and effective tool of partitioning 
variation and quantifying its components in a rational manner (Dekker et al., 2000). By 
developing such a model we would be able to predict and optimise the final level of healthy 
compounds and thus developing more accurate intake data and dietary recommendations. 
Such a model might also be integrated with light utilisation models in relation to qualitative 
and quantitative aspects of fruit production. A broad inventory of the levels of healthy 
compounds in existing cultivars is needed for better choice of cultivars and for breeding 
purposes. When a strategy is chosen to increase the levels of health protecting phytochemicals 
in apples, this has to be done in an integrated way also taking into account the other relevant 
quality attributes of apples. Especially sensory attributes like flavour and astringency may be 
influenced negatively by very high levels of flavonoids. Before plant improvement strategies 
should be pursued, more information on specific aspects of phytochemicals (e.g. the 
determination of their bio-availability and dose dependency and their mechanistic relation 
with human health) is desirable (Grusak and DellaPenna, 1999). 
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Summary 
The ultimate objective of the production, handling and distribution of fresh fruits and 
vegetables is to satisfy consumers requirements. In general the attractiveness of fruits and 
vegetables to consumers is determined both by visible (e.g. colour) and invisible (e.g. 
healthiness) quality attributes. Flavonoids and hydroxycinnamic acid derivatives, secondary 
metabolites, contribute largely to both fruit colour and, through fruit consumption, to human 
health and it is, therefore, very useful to study factors that affect these substances with the 
aim of further improving the relevant fruit attributes. Flavonoids and hydroxycinnamic acid 
derivatives are widespread in the plant kingdom, comprise a large group of naturally 
occurring antioxidants that form part of the human diet. There is considerable evidence for 
the role of antioxidant constituents of fruits and vegetables in the maintenance of health and 
disease prevention. Recent studies have shown that the majority of the antioxidant activity of 
a fruit or vegetable may originate from the flavonoids and other phenolic compounds. Apple 
fruit are rich in flavonoids such as flavonols (quercetin 3-glycosides), flavanols (catechin, 
epicatechin, gallocatechin, procyanidins and its polymers), dihydrochalcone glycosides 
(phloritin glucoside (phloridzin) and phloritin xyloglucoside), and cyanidin 3-glycoside 
(anthocyanins). Apple fruits also contain considerable amounts of hydroxycinnamic acid 
derivatives mainly represented by chlorogenic acid. The red colour of apples is primarily a 
consequence of the flavonoid pigments anthocyanins which are located in the vacuole. 
Despite the importance of flavonoids for the intrinsic quality of apples very little is known of 
their regulation in fruit. The aim of the work described in this thesis was therefore, to obtain 
knowledge on the extent to which the contents of flavonoids and chlorogenic acid in the skin 
of apples varies, how they develop during fruit growth phase, ripening phase and post 
harvest phase and how they can be manipulated. 
Chapter 1 contains a review of the literature. It appears that the accumulation of 
flavonoids and phenolic acids in plants is under control of many internal and external 
factors. 
In Chapter 2 the extent of natural variation in flavonoids and chlorogenic acid 
concentration due to within fruit, within tree, between orchards, between cultivars and 
among mutants was determined. Considerable variation was observed among these variables. 
Individual flavonoids and chlorogenic acid concentrations were not equally distributed 
within the fruit. Quercetin 3-glycosides and anthocyanin were almost exclusively found in 
the skin. The sun-exposed skin of individual fruit had much higher cyanidin 3-galactoside 
(anthocyanin) and quercetin 3-glycoside concentrations than the shaded skin, while 
phloridzin, catechins and chlorogenic acid were similar in the skin of both sides (Chapter 2). 
Significant genotypic variation was observed for the concentration of flavonoids and 
chlorogenic acid. 'Jonagold' apples contain significant higher concentrations (about 15-20% 
higher) (Chapters 2 and 6) and amounts (about 30-40% higher) (Chapter 6) of the total 
flavonoids than 'Elstar' apples. Chlorogenic acid concentration was about 3-fold higher in 
'Jonagold' than in 'Elstar' apples. However 'Elstar' apples contained significant higher 
concentrations of some quercetin glycosides types as quercetin 3-rhamnoglucoside (about 
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40% higher) and quercetin 3-glucosides (about 60% higher) than 'Jonagold' apples. This 
might be relevant with respect to differences in bio-activity and antioxidant capacity of 
various flavonoid compounds. As far as the potential maximum concentration of flavonoids 
in apple is genetically determined breeding would be an important tool for increasing 
healthiness of apples. The differences between basic forms and coloured mutants within a 
given cultivar (for example Jonagold-Jonaprince; Elstar-Elshof) show that the potential 
anthocyanin accumulation (but only that) may increase several fold without influencing the 
concentrations of other flavonoid classes (Chapter 2). Microscopic study showed that the 
most blushed mutants had a higher number of red cells per cell layer and more cell layers 
containing red cells than the standard cultivar and the less blushed mutants. It is striking to 
observe coloured and completely uncoloured cells as neighbours. Since the selection of 
coloured mutants is inherently based on the amount of red coloration, selection of mutants 
for higher levels of other potential healthy flavonoid classes e.g. quercetin 3-glycosides 
could be considered, providing that such characteristics can be relatively easily determined. 
The concentrations of anthocyanin, quercetin 3-glycosides and total flavonoids were highest 
in fruit borne in the top of the tree followed by fruit from the outer tree parts, whereas the 
lowest concentrations were found in fruit from the inner tree. Terminal fruit contained the 
highest concentrations of these compounds, including catechins, compared to lateral and 
spur fruit. Phloridzin and chlorogenic acid were not affected by the position of the fruit in 
the tree nor by the bearing wood type. The maximum possible difference in flavonoid 
concentrations, based on difference between top fruit (optimal light conditions) and inner 
fruit (minimal light conditions) may be 3-fold for quercetin 3-glycosides and 2-fold for total 
flavonoids (Chapters 2 and 3). There were significant differences in flavonoid and 
chlorogenic acid concentrations in 'Elstar' fruit between two normally productive orchards 
differing mainly in growth vigour and internal shading. All these results show that light 
conditions are a main regulatory factor in the biosynthesis of flavonoids in apples. 
In Chapter 3 the natural distribution of light within the tree canopy in relation to the 
concentration of flavonoids and chlorogenic acid in fruit skin was analysed. The 
concentrations of cyanidin 3-galactoside and quercetin 3-glycosides and the percentage of 
blush in the fruit skin were directly related to light level in the direct vicinity of the fruit. 
Light in the interior of the canopy was poorer in UV-A, blue, green and red (R) but richer in 
far-red (FR) light than at all other positions. Consequently, the FR/R ratio (with large 
influence on formative processes) was much larger at the interior of the canopy than at all 
other positions. There was a critical FR/R ratio of about 1 above which no anthocyanin and 
only low amounts of quercetin 3-glycosides were formed. 
In Chapter 4 the relationships between the fruit nutrients N, P, K, Ca and Mg and 
concentrations of flavonoids and chlorogenic acid in fruit skin were studied with two types of 
'Elstar'. In an experiment with the mutant 'Elshof with the 5 nutrients applied at 5 rates in 4 
replications, only N and Ca applications resulted in higher concentration of these nutrients in 
the fruit, but sufficient variation was present among treatments to correlate the concentration 
of the other nutrients with those of flavonoids and chlorogenic acid. Negative correlations 
were frequently found between the concentration of N and Mg and the N/Ca ratio in fruit 
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during growth, and anthocyanin and total flavonoids concentration at maturity in 1996, 1997 
and 1998. In 1997, these correlations were weakest but still significant. In that season, P and 
K concentration were frequently negatively correlated with the concentration of anthocyanin 
and total flavonoids. The concentration of Ca was not related to the concentration of 
anthocyanin and total flavonoids. In a study in 1996 with standard 'Elstar', we used the 
variation in nutrient concentration due to differences in fruit position on tree. The 
concentrations of N and K and the N/Ca ratio in fruit at maturity were negatively and that of 
Ca was positively correlated with the concentration of anthocyanin and total flavonoids. 
Magnesium concentration was negatively correlated with anthocyanin concentration but not 
with total flavonoids. As a consequence of the relation with position of the fruit in the tree an 
interaction with the influence of light may, however, be expected. Multiple regression models 
mainly containing N as factor accounted for up to 40% and 30% of the variance in 
anthocyanin and total flavonoids concentration of 'Elshof mutant apples, and for up to 70% 
and 65% of the variance in anthocyanin and total flavonoids concentration of standard 'Elstar' 
apples. The relationships between plant nutrients and chlorogenic acid concentration in apples 
were not consistent and further study is required. It is concluded that, in addition to improving 
light conditions, the concentration of flavonoids in fruit skin could be further increased by 
optimising fertilization especially that of N, directed at preventing excess N accumulation. 
In Chapter 5 we tested the concept that under condition of high carbon supply, plants 
may increase the formation of their secondary metabolites, like phenolic compounds. In field 
experiments crop load was manipulated by applying flower or fruit thinning at different stages 
of development and at different severity. At a low crop load, fruit weight, soluble solids, 
acidity and firmness were significantly higher than at high and moderate loads. However, the 
concentrations of flavonoid and chlorogenic acid were similar at the different levels of crop 
load. Time of thinning had no significant influence on the concentration of flavonoids and 
chlorogenic acid in fruit skin and had no further effect on fruit quality characteristics such as 
weight, soluble solids, acidity and firmness. Removal of only the interior fruits (about one-
third of total fruit) at about 4 weeks before expected commercial harvest had no influence on 
the concentration of flavonoids and chlorogenic acid or on the quality characteristics of the 
remaining exterior fruits of either 'Elstar' or 'Jonagold'. The results indicate that, within the 
'normal' range of conditions, assimilate availability is not a major regulatory factor in 
flavonoids and chlorogenic acid formation in apples. These results are in agreement with the 
lack of any influence of the supply of precursors in the orchard (Chapter 7). 
In Chapter 6 the changes that take place in the concentration and the amount of 
individual flavonoids and chlorogenic acid in the skin of'Elstar' and 'Jonagold' apples during 
development and ripening were investigated. In both cultivars, the concentration on a dry 
weight basis of quercetin glycosides, phloridzin and chlorogenic acid was highest early in the 
season but decreased at different rates during fruit development to reach a steady level during 
maturation and ripening. Catechins (catechin plus epicatechin) concentration showed a similar 
pattern, but a temporary increase was observed in an early stage of development. The 
concentration of cyanidin 3-galactoside (anthocyanin) was relatively high early in the season, 
gradually decreased to a very low steady level during growth, but started to increase near 
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maturation, especially in the outer fruit. On a fruit basis the amount of quercetin glycosides 
increased during development and was about two times higher in 'Jonagold' compared to 
'Elstar', both in outer and inner fruit. These compounds were the most abundant flavonoids in 
the skin of both cultivars and their accumulation showed a strong dependency on fruit 
position on tree. The amount of the second most abundant flavonoid type, catechins, increased 
during development to a maximum and then showed some decrease by mid season which was 
independent of fruit position on tree. The amount of phloridzin increased only early in the 
season reaching a steady level during development and ripening, and was independent of fruit 
position on tree. The amount of chlorogenic acid in both cultivars initially increased, but 
subsequently decreased to reach a low steady level and was slightly higher in outer than in 
inner fruit. The latter phenomenon is the only direct evidence for (net) breakdown of any of 
the studied phenolics. Although anthocyanin concentration was relatively high at early stages 
of development, significant accumulation on a fruit basis only occurred during maturation and 
ripening. The accumulation of anthocyanin, similar to that of quercetin glycosides, showed a 
strong dependency on fruit position on tree. The results indicate that, in general, the overall 
production of total flavonoids, with the exception of anthocyanin, and chlorogenic acid in 
apple skin is completed during fruit development before the onset of maturation. 
Chapter 7 reports the influence of exogenous application of a number of chemicals that 
are precursors of flavonoids or are known to affect ripening on the accumulation of flavonoids 
and chlorogenic acid in 'Jonagold' apple skin with emphasis on anthocyanin. One aim was to 
identify a possible substrate limitation and another to separate the formation of anthocyanin 
from other related maturity/ripening events. Since the occurrence of the second peak in 
anthocyanin formation more or less parallels the maturation and ripening phase (like starch 
degradation and aroma production), anthocyanin formation itself is often considered as a 
ripening phenomenon triggered by ethylene. Our results suggest, however, that there is no 
simple relation to ripening and consequently to ethylene production (though we did not 
measure ethylene). This is concluded from the promotion of anthocyanin formation by 
ethephon (an ethylene releasing compound) and the retardation of anthocyanin formation by 
ABG and GA3 (known to lower or counteract endogenous ethylene), without significantly 
altering starch degradation and changes in streif index (combination of starch index, firmness 
and sugar concentration). Our results have also shown that the other flavonoid classes 
quercetin 3-glycosides, catechins and phloridzin and chlorogenic acid do not respond to any 
of the applied chemicals. It is concluded that anthocyanin formation is dependent on 
developmental signals and independent of both fruit maturity/ripening and of the synthesis of 
other flavonoid classes and responds in a complicated way to ethylene. 
In Chapter 8 the changes in individual flavonoids and chlorogenic acid during regular 
(RS) or ultra low oxygen (ULO) storage conditions at 1°C are reported in both 'Jonagold' and 
'Elstar' apples. It could convincingly be shown that during storage of both 'Jonagold' (3, 6 
and 8 months) and of 'Elstar' (2, 4 and 6 months) and during 1 or 2 weeks shelf life, the 
concentrations of cyanidin 3-galactoside and quercetin glycosides were relatively constant, 
while the concentrations of catechins, phloridzin and chlorogenic acid showed only minor 
decreases. Moreover there were no significant differences in the concentration of flavonoids 
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and chlorogenic acid between fruits stored under ULO compared to RS conditions. It is 
concluded that, following harvest, flavonoids present in apples are stable. There is no direct or 
indirect proof for breakdown (net metabolic turnover) during storage and shelf life. 
In Chapter 9 the practical applications of the findings made in this study were discussed. 
Our results show that there is much room for increasing the level of potential health 
phytochemicals in apples. The first step would be cultivar selection either from already 
available genotypes or by developing new cultivars through classical breeding or molecular 
biology and gene technology. We showed that light has a significant impact on the final level 
of flavonoids in fruit. Therefore, the second and more proximate option would be the 
optimisation of light conditions within tree canopy by measures such as choice of root stocks, 
planting system, row orientation and training and pruning systems or covering the orchard 
floor with reflecting films (though the latter is not promoting the visual aspect of the orchard). 
A third step could be optimisation of the fertilization programme especially avoiding excess 
N and better timing of N-application. A further possibility is to sort fruit in healthiness 
classes. As long as a simple method to detect non-destructively quercetin 3-glycosides is 
lacking, sorting of fruit based on their blush might be a way to make healthiness classes, since 
blush is a good marker for exposure to light during growth and thus to some extent for the 
quercetin 3-glycosides level. Even when cultivar choice and cultivation methods succeed in 
getting high levels of flavonoids in fruit still the treatment by the consumer determines how 
much of these substances will be consumed. Many consumers still peel the fruit before 
consumption thereby removing almost all anthocyanin and quercetin 3-glycosides (Chapter 
2). Promotion of fruit on the basis of healthiness is, in our opinion, however, only useful if it 
is accompanied with a guarantee of absence of pesticides, as is most credible, at least to the 
public, in organic farming. 
Because of the large influence of a number of factors at several steps of the production 
chain, a quantitative model e.g. integrated with light distribution models, would offer a 
practical and effective tool for estimating the effect of certain measures and to predict and 
maximise the final level of healthy compounds in apples enabling the development of more 
accurate intake data and dietary recommendations. 
Samenvatting 
Bij de productie, bewaring en afzet van vers fruit komt het er uiteindelijk op aan om 
aan de wensen van de consument te voldoen. De aantrekkingskracht van fruit voor potentiele 
kopers wordt 1 bepaald door uiterlijke eigenschappen, zoals kleur, en door innerlijke 
eigenschappen, zoals stoffen die de gezondheid bevorderen. Flavonoiden en derivaten van 
hydroxycinnamonzuur, plantenstoffen uit de zogenaamde secundaire stofwisseling, leveren 
een belangrijke bijdrage aan beide genoemde eigenschappen en het is daarom de moeite 
waard om factoren te bestuderen die deze stoffen bei'nvloeden met het doel om kleur- en 
gezondheidseigenschappen van appelen verder te verbeteren. Secundaire plantenstoffen zijn 
wijd verbreid in het plantenrijk en omvatten een grote groep van natuurlijke antioxydanten die 
via groente en fruit in het menselijk dieet terecht komen. Het is zeer waarschijnlijk dat deze 
antioxydanten een belangrijke rol spelen in het bevorderen van de gezondheid en het 
voorkomen van ziekten. Recent onderzoek heeft aangetoond dat het grootste deel van de 
antioxydantwerking van fruit en groente waarschijnlijk afkomstig is van flavonoiden en 
andere fenolen. Appelen zijn rijk aan flavonoiden zoals flavonolen (quercetin-3-glycosydes), 
flavanolen (catechine, epicatechine, gallocatechine en procyanidine en diens polymeren), 
dihydrochalcone-(floritine-glucoside [floridzine] en floritine-xyloglucoside) en cyanidine-3-
glycoside (anthocyaninen). Appelen bevatten ook aanzienlijke hoeveelheden derivaten van 
hydrocinnamonzuur, hoofdzakelijk chlorogeenzuur. De rode kleur van appelen wordt vooral 
veroorzaakt door anthocyanen, flavonoid pigmenten die zich in de vacuole bevinden. 
Ondanks het kennelijke belang van flavonoiden voor de kwaliteit van fruit is er weinig 
bekend van de regulatie van deze groep stoffen in fruit. Het doel van het werk dat in dit 
proefschrift is beschreven, is daarom het verwerven van meer inzicht in de natuurlijke variatie 
in gehalten van deze stoffen in appelen, met name in de schil, de vorming van deze stoffen 
tijdens de ontwikkeling van de vrucht, en de mogelijkheden om het niveau van deze stoffen 
vooral tijdens de teelt te bei'nvloeden. 
In hoofdstuk 1 wordt een overzicht gegeven van de literatuur. Daaruit komt naar voren 
dat de vorming van flavonoiden en fenolzuren in planten wordt beinvloed door een groot 
aantal interne en externe factoren. 
In hoofdstuk 2 wordt de natuurlijke variatie in gehalten aan flavonoiden en 
chlorogeenzuur beschreven voor zover die te maken heeft met plaats in de vrucht (schil, of 
vruchtvlees), verschillen tussen standaardrassen en hun mutanten, de plaats van de vrucht in 
de boom en de verschillen tussen boomgaarden. Er werd een aanzienlijke variatie 
aangetroffen. Het gehalte aan specifieke flavonoiden en aan chlorogeenzuur bleek af te 
hangen van het type weefsel. Quercitine-3-glycosiden en anthocyaan werden vrijwel 
uitsluitend in de schil aangetroffen en in veel hogere concentraties aan de 'zonkant' dan aan 
de 'schaduwkant' van de vrucht. floridzine, catechinen en chlorogeenzuur, daarentegen, 
werden zowel in schil als vruchtvlees aangetroffen en in de schil evenveel in de zon- als de 
schaduwkant van de vrucht. Jonagold-appels bevatten een 15-20% hogere concentratie en een 
30-40% grotere hoeveelheid aan flavonoiden en chlorogeenzuur dan die van Elstar-appels (zie 
ook H 6). Daarentegen bevatten Elstar-appels een 40% hogere concentratie van quercetin-3-
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rhamnoglucoside en een 60% hogere concentratie van quercetin-3-glucosides dan Jonagold-
appels. Dit is relevant omdat verschillende flavonoidverbindingen verschillen in bioactiviteit 
en antioxydantcapaciteit. Deze resultaten vormen een aanwijzing voor genetische verschillen 
tussen rassen en bieden perspectieven voor veredeling gericht op hogere antioxydantactiviteit 
van appelrassen. Verschillen tussen standaardrassen en kleurmutanten binnen een ras 
(Jonagold-Jonaprince; Elstar-Elshof) berusten waarschijnlijk uitsluitend op een (meestal) 
sterke verhoging van het anthocyaangehalte zonder enige invloed op de andere 
flavonoidklassen. Uit anatomisch onderzoek bleek dat de kleurmutant Red Jonaprince zowel 
meer roodgekleurde cellen per cellaag als meer cellagen met roodgekleurde cellen bezit. 
Frappant is de scherpe scheiding tussen onmiddellijk aangrenzende cellen met en zonder 
roodgekleurde vacuoles. De gedachte dringt zich op dat er ook mutanten kunnen bestaan met 
en hoger gehalte aan b.v. quercetin-3-glycosiden. Het is echter evident dat de herkenning van 
zulke mutanten een veel groter probleem is dan bij gebloste mutanten. De gehalten aan 
anthocyaan, quercetin-3-glycosiden en totaal-flavonoiden waren het hoogst in vruchten 
afkomstig uit de top van de boom en vervolgens in vruchten uit de buitenzijde van de boom. 
De laagste gehalten werden gevonden in vruchten afkomstig uit het midden van de 
boomkroon. Uit onderzoek naar de invloed van het type vruchthout bleek dat terminale 
vruchten van het eenjarige hout hogere gehalten aan flavonoiden en van catechinen hadden 
dan laterale vruchten van het eenjarige hout en dan vruchten van de kortloten. Gehalten aan 
floridzine en chlorogeenzuur bleken niet af te hangen van type vruchthout of van de positie in 
de boom. Gehalten in appelen uit de top van de boom waren voor quercitine-3-glycosiden 
maximaal het drievoudige en voor totaal flavonoiden maximaal het tweevoudige van die in 
appelen uit de binnenzijde van de boomkroon. Tussen twee normaal producerende 
boomgaarden, die alleen duidelijk verschilden in groeikracht en inwendige beschaduwing, 
werden duidelijke verschillen gevonden in flavonoid- en chlorogeenzuurgehalte van Elstar-
appels. Al deze resultaten wijzen in de richting van licht als de belangrijkste externe factor 
voor de biosynthese van flavonoiden in appelen. 
Hoofdstuk 3 is gewijd aan een analyse van de lichtverdeling in de kroon van 
appelbomen in relatie tot het gehalte aan flavonoiden en chlorogeenzuur in appelen. Er bleek 
een directe relatie te zijn tussen de concentratie van cyanidine-3-galactoside (anthocyaan) en 
quercitine-3-glycosiden en het percentage roodgeblost oppervlak van de vrucht enerzijds en 
het lichtniveau in de directe nabijheid van de vrucht anderzijds. Vergeleken met andere 
posities bezat licht in de binnenzijde van de boomkroon minder van de componenten 
ultraviolet (UV-A), blauw, groen en rood (R) maar meer verrood (VR), zodat de VR/R 
verhouding (van grote invloed op formatieve processen) hier veel hoger was. Boven een 
kritische drempelwaarde van de VR/R verhouding van 1 werden geen anthocyaan en weinig 
quercitine-3-glycosidenaangetroffen. 
Hoofdstuk 4 is gewijd aan de relatie van de plantenvoedingsstoffen N, P, K, Ca en Mg 
in de vrucht met gehalten van flavonoiden en chlorogeenzuur in de vruchtschil. In een 
experiment met de Elstar-mutant 'Elshof waarbij de vijf voedingsstoffen op vijf niveaus in 
vier herhalingen werden toegediend, werden alleen het N- en het Ca-gehalte duidelijk 
be'invloed. Er was niettemin tussen alle objecten voldoende variatie in de gehalten in de 
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vrucht van de andere nutrienten om de correlatie tussen de concentratie van elk van de 
genoemde nutrienten met die van flavonoiden en chlorogeenzuur te kunnen bestuderen. In de 
meeste gevallen werd een negatieve correlatie gevonden tussen de gehalten aan N, Mg en de 
N/Ca-verhouding gedurende de ontwikkeling in de vrucht en de gehalten aan anthocyaan en 
flavonoiden bij de pluk in 1996, 1997 en 1998. In 1997 waren deze correlaties relatief zwak 
maar wel significant. In dat jaar vertoonden ook de P- en de K-concentratie, maar niet de Ca-
concentratie, een negatieve correlatie met het gehalte aan anthocyaan en totaal flavonoiden. In 
een andere proef in 1996 met standaard Elstar werd gebruik gemaakt van de variatie in 
nutrientgehalten in de vrucht tengevolge van verschillen in positie in de boom. De gehalten 
aan N, K en de N/Ca verhouding bij pluk waren negatief gecorreleerd, en die van Ca positief, 
met de anthocyaan- en totaal flavonoidgehalten op dat tijdstip. Mg-gehalte vertoonde alleen 
een (negatieve) correlatie met het anthocyaangehalte. Door de verschillen in positie van de 
vruchten in de boom is er wel interactie met de invloed van licht te verwachten. Multipele 
regressiemodellen, met hoofdzakelijk N als factor, verklaren in de proeven met de mutant 
'Elshof tot 40% van de variatie in anthocyaan- en tot 30% van de variatie in totaal 
flavonoidgehalte en in het experiment met standaard Elstar tot 70% van de variatie in 
anthocyaan en tot 65% van de variatie in totaal flavonoidgehalten. De relatie tussen nutrienten 
en chlorogeenzuur in appelen was niet consistent en verder onderzoek is op dit punt aan te 
bevelen. De conclusie is gerechtvaardigd dat de concentratie aan flavonoiden in de schil van 
appelen behalve door licht verder kan worden verhoogd door optimalisering van de voeding, 
met name door maatregelen die (te) hoge N-gehalten voorkomen. 
In hoofdstuk 5 is de veronderstelling getoetst dat de synthese van fenolen, met name 
flavonoiden, beperkt wordt door de beschikbaarheid van assimilaten. In een experiment met 
Elstar werd de vruchtdracht gemanipuleerd door gedurende de eerste negen weken na bloei 
op verschillende tijdstippen in verschillende mate bloem- of vruchtdunning toe te passen. In 
de objecten met lage vruchtdracht waren gehalten aan suikers en zuur en de hardheid duidelijk 
hoger dan in de objecten met normale of hoge vruchtdracht. De concentraties aan flavonoiden 
en chlorogeenzuur in de schil waren in al deze objecten niet verschillend. Ook het tijdstip van 
dunnen leidde niet tot verschillen noch in de concentraties van flavonoiden en 
chlorogeenzuur, noch in vruchtkenmerken van het fruit als gewicht, suikergehalte, 
zuurgehalte en hardheid. In een aparte proef met Elstar en Jonagold bleek verwijderen van 
alle vruchten uit de binnenzijde van de boom, ongeveer 30% van het totale aantal, een maand 
voor de pluk, evenmin invloed te hebben op de concentraties van flavonoiden en 
chlorogeenzuur of op de vruchtkenmerken van de resterende vruchten. Deze resultaten tonen 
aan dat beschikbaarheid van assimilaten geen grote rol speelt in de vorming van flavonoiden 
en chlorogeenzuur in de schil van appelen, althans binnen de hier gestelde grenzen. Deze 
resultaten worden ondersteund door het feit dat toediening in de boomgaard van voorlopers 
van flavonoiden geen enkel invloed had (zie H 7). 
In hoofdstuk 6 staan de veranderingen centraal die plaats vinden in concentratie en 
hoeveelheid flavonoiden en chlorogeenzuur in de schil van Elstar- en Jonagold-appels tijdens 
ontwikkeling en de rijping van de vrucht. In beide cultivars waren de concentraties van 
quercetin-3-glycosiden, floridzine en chlorogeenzuur, op basis van drooggewicht, het hoogst 
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in de beginfase van de ontwikkeling, en daalden deze - zij het met verschillende snelheid -
gedurende de ontwikkeling van de vrucht om een stabiel niveau te bereiken gedurende de 
laatste weken voor de pluk inclusief de rijping. De concentraties van catechinen (catechine en 
epicatechine) lieten ook een dergelijk patroon zien maar hier trad in een vroeg stadium een 
tijdelijke piek in de concentraties op. De cyanidine-3-galactosideconcentratie (anthocyaan) 
was relatief hoog aan het begin van de ontwikkeling, daalde vervolgens tot een zeer laag 
niveau maar vertoonde weer een duidelijke stijging aan het einde van de vruchtontwikkeling. 
De hoeveelheid quercetine per vrucht nam gedurende de gehele ontwikkeling van de vrucht 
toe en was ongeveer tweemaal zo hoog in Jonagold als in Elstar, zowel in vruchten afkomstig 
van de buitenzijde als van binnenzijde van de boomkroon. Quercetinen maakten bij beide 
cultivars het grootste aandeel uit van flavonoiden in de schil en waren sterk afhankelijk van 
de positie in de boom. Catechinen, kwantitatief op de tweede plaats, vertoonden aanvankelijk 
een toename in totale hoeveelheid, maar namen na het midden van het seizoen weer wat in 
hoeveelheid af. Catechinen werden niet bei'nvloed door de positie aan de boom. De 
hoeveelheid floridzine per vrucht nam in beide cultivars alleen vroeg in het seizoen toe, bleef 
verder constant en was onafhankelijk van de positie in de boom. De hoeveelheid 
chlorogeenzuur per vrucht nam in beide cultivars aanvankelijk toe maar daalde vervolgens tot 
een stabiel lager niveau dat enigszins hoger was in vruchten aan de buitenkant van de boom 
dan uit de binnenzijde. De afname in hoeveelheid tijdens de ontwikkeling is alleen voor 
chlorogeenzuur gevonden en is de enige aanwijzing voor (netto) afbraak van fenolen. Hoewel 
de anthocyaanconcentratie in een vroeg stadium relatief hoog was, trad pas aan het eind van 
de ontwikkeling, tijdens de rijping, een duidelijke accumulatie op. Deze ophoping vertoonde, 
net als die van quercetine glycosiden, een sterke afhankelijkheid van positie aan de boom. 
Deze resultaten tonen aan dat, in het algemeen gesproken, met uitzondering van anthocyaan, 
de productie van flavonoiden en chlorogeenzuur in de schil tot stilstand komt voor het begin 
van de rijping. 
In hoofdstuk 7 worden de resultaten behandeld van een studie naar de invloed van 
toediening van chemicalien die ofwel kunnen dienen als voorloper van flavonoiden, of die de 
rijping van de vrucht bei'nvloeden, op de ophoping van flavonoiden en chlorogeenzuur in de 
schil van Jonagold-appels. Doel daarvan was om een mogelijke substraatbeperking te 
identificeren en om anthocyaanvorming te onderscheiden van rijpingsverschijnselen. Omdat 
de tweede piek in anthocyaanproductie samenvalt met volgroeien en rijpen van de vrucht 
zoals gekarakteriseerd door zetmeelafbraak en aromaproductie, wordt blosvorming zelf ook 
vaak als een rijpingsproces opgevat dat wordt aangezet door ethyleen. Onze resultaten laten 
echter zien dat er geen eenvoudige relatie is tussen rijping, dus waarschijnlijk ook niet met de 
ethyleenproductie (hoewel niet door ons gemeten), en anthocyaanvorming. Deze conclusie 
volgt uit de waarneming dat anthocyaanvorming wordt gestimuleerd door ethephon (een bron 
van ethyleen) en wordt geremd door gibberellinezuur (GA3) en ABG (een analoog van AVG, 
bekend als ethyleenremmer) terwijl een aantal rijpingsindicatoren in de vrucht, zoals 
zetmeelafbraak en Streifindex (een combinatie van zetmeelafbraak, suikergehalte en 
hardheid) niet werden bei'nvloed. De andere flavonoidgroepen, quercetin-3-glycosiden, 
catechinen, floridzine en chlorogeenzuur, werden niet bei'nvloed door de toegediende 
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chemicalien. Geconcludeerd wordt dat anthocyaanvorming enerzijds bepaald wordt door het 
ontwikkelingsstadium maar anderzijds enigszins los kan staan van rijping en onafhankelijk 
geschied van de vorming van andere flavonoiden. Er is een ingewikkelde relatie met ethyleen. 
Hoofdstuk 8 is gewijd aan de veranderingen in gehalten aan flavonoiden en 
chlorogeenzuur in vruchten van Elstar en Jonagold tengevolge van bewaring gedurende een 
aantal maanden in gewone koeling of in een zogenaamde ULO-regiem (Ultra Low Oxygen). 
Duidelijk bleek dat gedurende bewaring van Jonagold (3, 6 en 8 maanden) en Elstar (2, 4 en 6 
maanden) en gedurende daaropvolgende 'uitstalling' van 1 respectievelijk 2 weken de 
concentrates van cyanidine-3-galcatoside en quercetine glycosiden min of meer constant 
bleven terwijl de concentraties van catechinen, floridzine en chlorogeenzuur slechts een 
geringe daling vertoonden. Bovendien waren deze resultaten gelijk voor beide typen 
bewaring. Hieruit mag worden geconcludeerd dat na de oogst flavonoiden in de vrucht stabiel 
blijven. Er zijn dus geen directe of indirecte aanwijzingen voor het optreden van afbraak van 
flavonoiden in deze fase. 
Hoofdstuk 9 bevat een bespreking van de praktische toepassingen van de resultaten van 
het gepresenteerde onderzoek. Het blijkt dat er veel mogelijkheden zijn om het gehalte aan 
potentiele gezondheidsstoffen in appels te verhogen. De verschillen tussen rassen tonen aan 
dat veredeling en selectie goede perspectieven bieden, mogelijk via een herevaluatie van 
bestaande rassen, maar meer door het ontwikkelen van nieuwe rassen via klassieke veredeling 
of met toepassing van gentechnologie. De omgevingsfactor licht blijkt een duidelijke invloed 
te hebben op het gehalte aan flavonoiden in de vrucht. Een tweede mogelijkheid, die dichter 
bij de directe praktijk ligt, is daarom het optimaliseren van de lichtcondities in de boom door 
maatregelen zoals de keuze van de onderstam, het plantsysteem, de rij-orientatie, de 
boomvorm, de snoeiwijze en mogelijk ook de toepassing van reflecterende folie op de grond 
(hoewel de laatste maatregel niet direct omgevingsvriendelijk is). Een derde maatregel, die 
ook binnen het bereik van de teler ligt, is het optimaliseren van de voedingstoestand van de 
boom. Met name het vermijden van hogere N-giften en een mogelijk een betere 'timing' van 
de N-bemesting kunnen het gehalte aan flavonoiden verder bevorderen ten opzichte van de 
huidige situatie. Als vierde mogelijkheid kan worden gedacht aan het sorteren van fruit in 
gezondheidsklassen. Zolang geen eenvoudige methode beschikbaar is om bijvoorbeeld niet-
destructief op quercetinen te sorteren, is sorteren op percentage geblost oppervlak een 
redelijke vervanger omdat de rode bios een maat is voor de blootstelling aan licht en zo ook 
tot op zekere hoogte voor het gehalte aan het quercetine-3-glycoside gehalte. 
Echter, wanneer door al deze maatregelen een aanzienlijke verhoging van de gehalte 
aan gezondheidsbevorderende stoffen zou worden bereikt, hangt het nog van de consument af 
of deze stoffen ook daadwerkelijk worden geconsumeerd. Veel consumenten hebben nog 
steeds de gewoonte om het fruit te schillen voor consumptie waardoor alle anthocyaan (een 
krachtige antioxydant) en vrijwel alle quercetine-3-glycosiden worden verwijderd. Een 
publiciteitscampagne gericht op de gezondheid van fruit, op basis van het gehalte aan 
gezondheidsstoffen, lijkt zinvol, maar ons inziens alleen als deze samengaat met een garantie 
van afwezigheid van residuen van gewasbeschermingsmiddelen. Vanwege de grote invloed 
van verschillende factoren op het productieproces van flavonoiden, met name de quercetine-
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3-glycosiden, zou een kwantitatief model, bijvoorbeeld gei'ntegreerd met een 
lichtverdelingsmodel, van praktische waarde zijn om het effect van bepaalde maatregelen in te 
schatten en het uiteindelijke gehalte aan gezondheidsbevorderende stoffen te voorspellen en te 
maximaliseren. 
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